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INTRODUCTION

The objective of the MIT Sea Grant Program and the Massachusetts
Science and Technology Foundation in convening the First International
conference on Chitin/Chitosan was to bring together those experts and
researchers from around the world who are working to expand the uses
of this exciting, abundant, renewable natural resource. By providing
a forum, we hoped to encourage the business and scientific communities
to share insights and experiences, to stimulate new ideas, and to
identify research that would advance the application of chitin and
chitosan in pharmaceuticals, food processing, papermaking, agriculture,
adhesive and textile manufacturing, and waste treatment.

We are publishing the proceedings of this conference because we
believe that continued information sharing is essential if the advances
in developing this valuable resource are to continue. We wish to ex-
press our appreciation to all those who participated in and contributed
to the conference, and we sincerely hope that publication of the papers
will serve in the future as a comprehensive reference source for them,
as well as for those who could not attend.

Mr. Irving Sacks Mr. Dean A. Horn
Acting Director Director
Massachusetts Science and MIT Sea Grant Program

Technology Foundation

15 May 1978



We dedicate these proceedings to the National Sea
Grant Office, and especially to
Dr. Robert Abel and
Mr. Harold Goodwin

whose vision and wisdom are responsible for making the

study of chitin and chitosan a matter of international

concern.
R.A.A. Muzzarelli E.R. Pariser
University of Ancona, Massachusetts Institute
Ttaly of Technology
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PREFACE

CHITIN {kai*tin}. Zool. and Chem, Also -ine.
[a. F. chiting, f. Br. yatdv frock, tunic: see -IN.
{The etymological formation would be chitonin)]
The organic substance which forms the elytra and
integuments of insects and the carapaces of crustacea.
The Oxford English Dictionary, 1961

One of the streets in the old quarter of Mancy, France, bears
the name of Henri Bracunnot, the discoverer of chitin. Braconnot,
wha 1ived from 1780 to 1856, studied chemistry and botany in
Strasbourg and biolegy and geology in Paris. Still in his twenties,
he became director of the Botanic Gardens of Nancy. The city
honored him, however, apparently not for his scientific contri-
butions, but for a genercus sum of money he left to the town.

In the course of his work with mushraoms in 1811, Braconnot
became intrigued with a cellulosic substance he had isolated which
did not undergo change in an alkaline solution. He named the
substance, "fungine."

Ten years later, in 1821, the name "chitine" was given to
a material seemingly jdentical to fungine, but found by A. Odier
while studying insects. Odier, who published the new name in the
Mémoires de la Société d'Histoire Naturelle de Paris and in the
Dictionnaire Classigque d'Historie Naturelle, noted "It is most
remzrkable to find the exoskeleton of insects to be identical with
the cuticle of plants.” Though Odier was incorrect Tn believing
the two substances were identical, he is distinguished for not
only naming chitin but for being the first person to observe the
remarkable similarity between the function of cellulose in plants
and that of "chitine" in insects.

Scientific interest in chitin continued for a time, but
eventuzlly much published work fell into disuse and was forgotten
until almost 40 years ago when awareness that this natural polymer
had an impressive number of potential applications stimulated new
research. The editors of these proceedings believe that this
curiosity and subsequent investigations into the uses of chitin
contributed to the British war effort by providing a superior
adhesive for the wooden fighter planes used by the British during
the beginning of World War IL.

Now more than a century and a half after Braconnot made his
discovery, scientists throughout the world are fascinated by the
potential large-scale, industrial applications for chitin. And
they continue to be astonished by the number af 1iving crganisms
in which they are finding chitin, its derivative chitosan, and
enzymes capable of interacting with the two substances. Chitin
has come of age in both basic and applied science and technology.



At a time when it is accepted, indeed imperative, that the
wise utitization of natural resources is a conditic sine qua non
for humanity's survival, it was logical, farsighted and in keeping
with the best traditions of international scientific cooperation
for the Sea Grant Program of NOAA, U.S. Department of Commerce,
together with 1isted academic institutions and organizations, to
co-sponsor and generously support the first {nternational confer-
ence on chitin and chitosan, of which these are the proceedings.

Most of the papers in this volume were presented at the
conference. Papers by E.R. HAYES, et al., page 103; K. SIMPSON,
page 253; 0.L. OKE, et al., page 327: M. TAKEDA., page 355: B.P.
HETTICK, et al., page 464; M.L. BADE, page 472; 5.C. SHRIVASTAVA,
et al., page 492; C.J. BRINE, page 509; K. OKUTANI, page 582;
and K.D. PARKER, page 606, however, were received after the
conference and are included here because of the contributions
they are making to the field.

vii
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CHAIRMAN'S ADDRESS
CHITIN, AN IMPORTAMT HATURAL POLYMER
Rigcardo A A. Muzzarelli

Institute of Biochemistry, Faculty of Medicine, University of Ancona,
Ancona 60100
Ttaly

There are many natural polysaccharides conmercially available today. They
include cellulose, dextran, pectin, alginic acid, agar-agar, agarose, starch,
carrageenans and heparin; all of them are either neutral ar acidic. Chitin and
chitesan, the more or less acetylated polymers of glucesamine. on the other hand,
are the only natural polysaccharides that have sharply basic characteristics, and,
because of their basicity, they have unicue properties: for example, their solubility
in various media, the viscosity of their solutions, their polyelectrolyte behavior,
membrane- forming ability and polyoxysalt formation. Their optical and structural
properties are due to the presence of reguiarly spaced amino groups on the
polyanhydroglucase chain.

From the chemical point of view, chitosan is a primary aliphatic poiyamine,
and therefora it can undergo all those reactions typical of amines. Its reactions
with carbonyl compounds include acylation with acid anhydrides to form novel
derivatives whose applicability ranges from selective aggregation of cancer cells
to special coatings. Aldehydes react very easily with chitosan at room temperature
to form Schiff bases. Products have been obtained from these bases that have
unpredictable characteristicss again, their applicability ranges over a wide field,
from the cross-linking of a tobacco sheet with chitesan and glyoxal . to enzyme
immobilization on chitosan in the presence of glutaraldehyde. The analytical
determinations of chitosan are today performed with either p-aminobenzaldehyde or
3-methy|benzo-2-thiazolone hydrazone. These determinations are sensitive encugh to
permit the detection of early stages of biodegradation by fungi of hydrocarbon fuels
and measurements of fungal infiltration of cellulosic materials.

Chelation of transition metals, mostly & result of the presence of free amino
groups, is offering new perspectives in chelation chromatography and in ligand-
exchange chromatography. The establishment of quality standards for chitosan to be
used in chromatography would certainly contribute to its wider applications as a
chromatographic support.

Many ways of derivatizing chitosan are available; most of them involve hydroxyl
groups. Sodium chitin, which has been known for many years, deserves more attention
than it has so far recaived as a versatile compound. Carboxyl group formation,
sulfation, cyanoethylation, glycolation, xanthation are just a few examples of the
many reactions that can be carried out with chitin and chitosan. New products have
been gbtained from such reactions; semipermeable membranes for example, have been
made with glycelchitosan, desalting has been carried out with formaldehyde cross-
linked chitosan membranes and with regenerated chitin membranes, and the delayed
release of drugs coated with glycolchitin has been studied in vivo. There is hope
that blood anticoagulants can be produced based on chitosan that may operate in a
manner similar to heparin.



The magnitude of the natural-resource base from which chitin can be obtained
has been established in the United States, and estimates of producticn costs
have been calculated. Industrial manufacture of chitin and chitosan appears
to be feasible; available resources should, of course, not only be exploited,
but also protected.

Many potential applications of chitin chemistry are of great industrial
importance. Paper and textile additives and finishes, adsorbents for harmful
metal ions, cements for leather manufacture, drilling muds, photographic products
and coagulants useful for flocculating suspensions are some of the topics that have
already been examined in the literature. Since chitosan is biodegradable. vegetable-
canning waste suspensions coagulated with chitosan can safely be fed to animals.

In recent years, biochemical research has shown increasing interest in the
biosynthesis of chitin and in the relevant enzymology. Chitin and chitosan are
two of the polymers that provide structural support to many organisms. Fungal
and animal chitin are not the only forms that occur: the polysaccharide from
bacterial cell walls, composed of alternate N-acetylmuramic acid and N-acetyl-
glucosamine units, can be regarded as an ether of lactic acid and chitin. Chitin is
hydrolyzed by lysozyme. The biochemistry of lysozyme has been elucidated with the
nelp of oligochitosaccharides,

The pathway of chitin synthesis has recently received important elucidation
from investigations carried out in vivo; many other experiments have been done to
study the synthesis of chitin in vitro. The roles of chitin synthetase and g-ecdysone
are also under study. The purification of chitin synthetase and observations
of the microfibrils that originate from chitosomes are still other recent
accomplishments. Chitosomes have been described in terms of spheroidal organelles
about 50 nm in diameter, which undergo a series of irreversible transformations
when substrate and activator are combined to produce fibrils.

Chitin associations have received attention in recent years as well. For
instance the concept of discrete layers of single components in fungi {z-glucan,
protein, g-glucan and chitin) has been rejected in favor of structural gradients.
Chitin deacetylase has been found in certain microorganisms where chitosan is
produced through enzymatic deacetylation of chitin. The chitin biosynthesis can be
jnhibited by various substances such as polyoxins and insecticides derived from
substituted ureas. Here again chitin assumes importance in our 1ife as it plays
a role in the agricultural sciences and in entomology. The fnsecticidal action
of microorganisms (including viruses) is enhanced by chitinase. Associations of
glucanase and chitinase as antimicrobial agents have been proposed for use in
agriculture, There is evidence that the growth of the hyphal tips of fungi depends
on a delicate balance between wall synthesis and wall lysis; chitinase can alter
this balance.

Chitosanase has only racently been discovered; the purified enzyme hydrolyzes
chitosan, but not chitin. It prevents spore germination of Mucor strains and
causes a decrease in the turbidity of germinated spores of this fungus, which is
known to contain chitoesan.

In the light of available scientific and technical informaticn, chitin appears
today to be a substance of much greater significance and relevance than it seemed
to have only a few years ago. The progress made in gur knowledge of chitin also



provides an excellent example of the vaiue of interdisciplinary research, Its
implications for ecology, resource conservation, pollution prevention and
agricultural and food-industry uses are obvious. Chitin seems to fulfill a number
of demands in our technological world and, and at the same time, to be a kay

polymer for the preservation of our environment.

This First International Conference on Chitin and Chitosan was convened to
affirm the importance of chitin and to integrate our expertise and knowledge in

a common endeavor,
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DISTRIBUTION AND QUAMTITATIVE IMPORTANCE OF CHITIN IN ANIMALS
Ch, Jeuniaux

{aboratories of Morphology, Systematics and Animal Ecology
ZooTogical Institute, University of Liége
B-4020 Lizge
Belgium

ABSTRACT

Using a specific and quantitative enzymatic-identification procedure,
the polysaccharide chitin has been found in a wide range of animal spec-
cies. It is used by protozoans, mainly ciliates, to build up cyst walls.
It also constitutes the bulk of the stalks or stems of most hydrozoan
colonies, but it is rarely produced by Scyphozoa (jellyfishes) and
Anthozoa, and is absent in sponges.

Chitin is the main structural palysaccharide of mest invertebrates
belonging to the Protostomia. Arthropods are the best known and most
important chitin-producing animals; the dry organic matter of their cuti-
cles can contain up to 80% chitin., Besides the arthropods, relatively
large amounts of chitin may be found in the setae of annelids {from 20 to
38% of dry weight), in the skeTeton of the colonies of Bryozoa and in the
shells and other structures (jaws, radulae, gastric shield) of many mol-
Tusc species (up to 7% of the dry organic matter in gastropods and
bivalve shells, and up to 26% in cephalopods). Chitin is only absent in
free and parasitic flatworms (Platyhelminthes), nemerteans, sipunculids
and leeches. In some other groups, such as nematodes and rotifers, chitin

is present only in the egg envelopes.

Chitin synthesis has never been observed in echinoderms or vertebrates,
but the tubes of some Pogonophora contain 33% chitin, while tunicates se-
crete a chitinous peritrophic membrane.

From an ecological point of view, besides crustaceans and molluscs,
marine benthic animals are a rich source of chitin. Despite their small
size, bryozoan and hydrozoan colonies yield & large biomass with relative-
1y substantial amounts of chitin. Some bryozoans play a role in the
epuration of fresh water and produce a considerable biomass of chitin-con-
taining colonies as well.

The proportion of “free" chitin, i.e., not bound to other organic mole-
cules, is generally low (less than 10%), although it can account for 80%
of the total chitin in mollusc shells.

INTRODUCTION

The first comprehensive studies of chitin distribution in animals (9,
10,20,26,28) were based on histochemical methods, such as the chitosan
test by Campbell (5). These methods lacked specificity, however, and
were sometimes unreliable, especially with small animals or when the
amount of chitin was low (23,25). The more recent x-ray diffraction
method (27} gives accurate but only qualitative results.

In order to obtain both qualitative and quantitative data on chitin



occurrence and Tocalization, an enzymatic method based ¢n the use of puri-
fied chitinases was developed {13,14). Owing to the specificity of chi-
tinases {Enzyme Nomenclature:3.2.1.14) for the g-7,4 glucesidic Tinkages
in N-acetylglucosamine polymers, this enzymatic method is highly specific
for chitin, provided the purified chitinase preparation is devoid of other
hydrolase. Moreover, this method enables us to discriminate the "free"
chitin from the chitin chemically bound to other substances (14).

This distribution of chitin bigosynthesis in animaTs has already been
discussed from an evolutionary point of view (13,14,16). The aim of the
present paper is to try to summarize the numerous data so far obtained
with regard to the main ecological features of chitin-containing animals.

METHODS

thitin was identified and estimated by the enzymatic method of Jeuniaux
{13,14). After desiccation under vacuum, the material was weighed, treat-
ed with 0.5 N HC1 at room temperature, washed, weighed, then treated with
0.5 N NaOH for 6 hours at 100°C. After washing, the residual material was
suspended in a buffer (citric acid 0.2 M - NapHPQ, 0.4M) at pH 5.2 and
incubated for 4-8 hours at 37°C with 1 ml purified chitinase (0.9 mg/ml
for 0.02-2 mg chitin)}, using thymol as an antiseptic. After centrifuga-
tion, an aliquot of the supernatant was incubated with chitobiase {1obster
serum 10 times diluted with distilled water) at pH 5.2 at 37°C for 2
hours. The liberated N-acetylglucosamine was determined by the method of
Reissig et al. (24). The results are expressed as mg of chitin per 100 mg
dry organic matter {(chitin %}.

"Free' chitin is estimated by the same procedure, omitting any previcus
treatment with NaOH.

The enzymatic method was also used for the gualitative detection of
chitin in small animals {3,13,15). After treatment with HC1 and NaOH, the

washed residues were stained with Congo Red, then incubated with chitinase
and observed under the 1ight microscope.

Chitinase was purified from submerged culture filtrates of Streptomyces
antibioticus (11} following the procedure described by Jeuniaux 15,[3,155

RESULTS

Micrp- and meiofauna

Among protozoa, chitin is used by most ciliates to build cyst walls (14
of 22 species so far studied) {4), or sheaths in the case of the sessile
species {Folliculina) that can sometimes be abundant on marine substrates.

The mesopsammic meiofauna pluricellular species living in soft sedi-
ments are mainly Turbellaria, nemerteans, nematodes, rotifers and gastro-
trichs, which are devoid of chitinous structures. The eggs of nematodes,
rotifers and gastrotrichs are, however, often provided with chitinoproteic
envelopes (14.6% chitin with respect to total dry weight of the amictic
eggs of Brachionus leydigii} (6,17).

Kinorhynchs, small and scarce mesopsammic marine animals, are covered
with a chitinous cuticle. Tardigrades, which are often more common, also



possess(contrary to the opinion of some authors) a relatively thick cuti-
cle made of chitin, probably bound to proteins (3).
Endoparasites

Chitin was found neither in parasitic flatworms (Cestoda, Trematoda)
nor in round worms {Nematoda), except in the eqg envelopes of the latter
(16.6% in ascarid eggs) {13).

Terrestrial invertebrates

Chitin is the structural polysaccharide of the cuticle of insects,
avachnids and myriapods (20 to 80%). Terrestrial tardigrades {3} and
onychophorans (27) also possess a chitinous cuticle. The setae of earth-
worms {07igochaeta ) are also typical chitinous structures {#7). In the
pulmonate gastropods, snail shells contain small amounts {3%) of chitin
{13), mainly as "free" chitin.

Planktonic and pelagic animals

The marine zooplankton are a rich source of chitin, being mainly formed
by small holoplanktonic crustaceans and, in certain periods, by the mero-
planktonic larvae of pelagic or benthic crustaceans. Their cuticular
organic matter contains about 60-80% chitin.

Planktonic and pelagic coelenterates (Hydrozoa, Scyphozoa, Ctenophora)
are devoid of chitin, with the exception of the pelagic colonies of
Chondrophoridae such as Velella, the floating apparatus of which is &
chitinous perisarc, as previously stated (10,22}, containing about 48%
chitin, almost entirely as "free" chitin.

The most important chitin-preducing pelagic animals are the cephalopods,
mainly cuttlefishes, the shells of which sometimes accumuTate on the
beaches with the tide. Chitin accounts for 26% of the organic matter of
Sepia officinalis shells, and for 17.9% of squid (Loligo vulgaris) pens,
mainly as "free" chitin.

Benthic marine fauna

Most benthic marine invertebrates produce chitinous structures, with
the exception of sponges, flatworms {Turbellaria), nemerteans, echinederms,
sipunculids, pterobranchs and enteropneusts {7,13,27). The thick mantle,
or tunic, of the sessile tunicates (sea squirts) is devoid of chitin, but
these animals secrete a chitinous peritrophic membrane (27).

In crustaceans, the proportion of chitin in the cuticle is about 65-85%
of the dry organic matter,

In molluscs, chitin was found in variable amounts in a wide variety of
morphological structures (8,13,23), mainly as "free" chitin. The propor-
tion of chitin varied from 0.1 to 7.3% in the periostracum, traces to 0.2%
in prisms, 0.1 to 1.2% in mother of pearl, and from 0.2 to 8.3% in the
calcitostracum of bivalve shells, the higher values being found in burrow-
ing species such as Glycymeris, Venus, Pholas, Zyrphaea and Mye. The gas-
tric shield of bivalves is also made of chitin (27.7% in Zyrphaea crispata
[11}. In marine gastrepods. the proportion of chitin was 2.0 to 7.0% in




mother of pearl of 3 species of Prosobranchia, 19.7% in the radulae, and
36.8% in the gizzard teeth of an opisthobranch. In the shell plates of
Acanthochites discrepans {Polyplacophora), chitin amounted to 12%.

In different kinds of setae of marine worms {Polychaeta), chitin ac-
counts for 20 to 38% of the dry organic matter and is mainly bound to
quinone-tanned proteins. The tubes secreted by tubicolous worms do not
contain any chitin.

Besides this macrofauna, benthic communities of the continental shelf
also include the encrusting or erected colonies of hydrozoans and bryozo-
ans (Ectoprocta). In both cases, the cuticular organic matrix of these
colonies is made of chitin more or less bound to proteins, calcified in
many species. In hydrozoans, the amount of chitin varied from 3.2 to
30.3% {13)}. In whole colonies of bryozoans (Flustra, Scrupocellaria,
Cellaria, Crisia), the amount of chitin was 1.6 to 6.4%. Despite their
small size, hydrozoan and bryozoan colonies may comprise an important
element in epifaunal communities and may thus represent a large biomass
of chitinous organic matter.

Chitin was also found in the stalk cuticle of Endoprocta, in the tubes
af Phoronidea (13.5%), and in those of Pogonophora (33%) (2,7). The
shells of brachiopods seemed to be devoid of chitin, with the exception
of those of some Inarticulata (Lingula, Discinisca) (9}, in which chitin
amounted to 29% of the dry organic matter (13}, The cuticle of the pedi-
cle was chitinous in @11 the brachiopods so far studied (9,13,27}.

Benthic freshwater invertebrates

Besides insects and crustaceans, a few bryozoan species may develop im-
portant colonies in some semi-polluted waters and give rise to the pre-
ductien of & large biomass (19) mainly made up of a chitinoproteic exo-
skeleton {ectocyst } (9,13). The biomass of Plumatella fungosa colonies
in a pond was estimated to be 15.6 tons/ha (fresh weight) and the annual
producticn to be 112 Kg nitrogen/ha/year. These colonies play a prominent
part in the process of water purification (18).

CONCLUSIONS

If chitfn is mainly secreted by cells of epidermal origin, the endoderm
Jayer is also able to synthesize this polysaccharide, not only in arthro-
pods, annelids and even tunicates {peritrophic membranes), but alsc in
molluscs (gastric shields and gizzard plates).

The biosynthesis of chitin is a very old property of the animal cell,
already present in Protozea. This property was retained by most inverte-
brate animals of those groups belonging to the protostomian evolutionary
lineage. At the top of this lTineage, arthropods have explofted to a maxi-
mum the ability to use chitin as a structural polysaccharide, chitin often
constituting, indeed, more than 50% of the cuticular organic matter. How-
ever, chitin may also be found in appreciable amounts in annelids, mol-
Juscs and in hydrozoan and bryozoan colonies, which form an important part
of the marine benthic biomass.
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ABSTRACT

Chitin is the second most abundant organic compound on the earth, and
fung? constitute its main source. Chitin is present in the vast majority
of fungi as the principal fibrillar polymer of the cell wall. As such, it
is responsible for the rigidity and the shape of the wall. Chitin is also
present in the cytoplasm of some Comycetes in the form of special granules
{cellulin granules). The only major classes of fungi which lack chitin
are the Schizomycetes, Myxomycetes and Trichomycetes. Those Oomycetes and
Hyphochytridiomycetes which contain chitin also contain cellulese. Zygo-
mycetes contain chitosan and chitin, whereas Ascomycetes, Basidiomycetes
and Deuteromycetes, with the sole exception of yeasts, contain chitin as
the only structural pelymer. As a group, Euascomycetes are the fungi which
coentain the highest amounts of chitin, fellowed by Zygomycetes, Basidiomy-
cetes and Deuteromycetes. Hemiascomycetes contain the lowest amounts of
chitin. Highest values reported correspond to Allomyces macrogynus {58%)
and Sclerotium rolfsii (61%). In general, conidia contain Tower amounts cf
chitin than mycelium. In the case of dimorphic fungi, there is no correla-
tion between cell shape and the relative amounts of chitin present in the
cell wall.

INTRODUCTION

In 1811 Braconnot described a substance which he found n fungi and
which he called "fungine” {31). It was not until the end of the century
that the substance was rediscovered and identified as chitin, which had
been known to be present in Arthropoda. X-ray diffraction studies have
revealed that the degree of crystaliinity of chitin from most fungi is
similar to that present in invertebrates.

It was later demonstrated that chitin in fungi was located in the cell
wall. Oomycetes belonging to the order Leptomitales contain, in the cyto-
plasm, special granules called cellulin granules. These granules were
thought to be made of modified cellulose {28), but recent analyses cf the
genus Apodachlya have shown that they are made of g-1-3, g-1-6 glucans and
chitin i?ﬁi. ¥Hese granules constitute the anly exception where chitin is
not present in the cell wall but in the form of a cytoplasmic inclusion.

Chitin is not the only compound present in the cell walls of fungi and,
in fact, it may be a minor component. Other compounds present in the cell
wall are cellulose, other pelysaccharides, proteins and lipids.

Chemical composition of the cell walls of fungi

Two types of components can be recognized in the cell wall of fungi:
structural components and amorphous components. Amorphous components com-
prise lipids., proteins and different types of polysaccharides. They are



12

important for the resistance of the wall and for the protection of the
cell from different harmful compounds. Besides, some proteins of the cell
wall have enzymatic activity. Structural components are responsible for
the shape and rigidity of the cell wall. Using microchemical tests,van
Wisselingh (40) recognized that fungi had either cellulosic or chitincus
walls. Further refinement in the analytical methods sheds some doubts on
the results obtained with microchemical reactions, but more recently it
has hecome evident that fungi have chitin, cellulose and cther g-glucans
as their structural polymers.

Chitin is the sole structural component of fungal cell walls, where it
is responsible for their shape and rigidity. As evidence for this state-
ment, it can be shown after the removal of amorphous cell components from
the cell that the cell wall maintains its original structure {33). Treat-
ment of whole cells with chitinase seldom removes the cell wall or gives
rise to protoplasts. This failure to hydrolyze the cell walls is due to
the Tnaccessibility of the chitin to the enzyme. On the other hand, once
the amorphous cell components are removed, chitin becomas accessible to
chitinase, is hydrolyzed, and the shape of the cell wall is lost.

Particular fungi mutants, unable to synthesize chitin, form swollen
hyphae and are osmotically sensitive (19]).

Polyoxins, a group of antibiotics produced by Streptomyces cacof, inter-
fere with chitin biosynthesis (13). This antibiotic nhibits the growth
of fungi (16,17}, and at suboptimal concentrations induces morphological
alteraticns of the cells {6,8).

Iygomycetes contain chitesan, besides chitin, in their cell wall. Ap-
parently, in these fungi, chitosan plays an important role in the rigidity
of the wall, since their cell walls are Tysed by a chitosanase preparation
obtained from Streptemyces sp.(23). This preparation does not lyse fungal
chitin,

There is a strong correlation between the chemistry of the cell wall
and the taxonomy of fungi. Bartnicki-Garcia (3) has distinguished 8 groups
of fungi according to the chemistry of their cell walls {Table 1}. These
chemical groups coincide closely with accepted taxenomic and evoluticnary

concepts.

Chitin is present in most fungi and, according to this classification,
it may be the only structural component (groups V and ¥1I}, or it may
share this role with cellulose in group I1I and in some Oomycetes (22,23)
not considered in Table 1, or with chitosan {group I1V¥). In yeasts, chitin
is only a minor component, and it 1s localized in the rim of the bud scars

{10).



TABLE 1
CHEMOTYPES OF FUNGAL CELL WALLS*

CHEMOTYPE TAXONOMIC GROUP
1 Cellulose-glycogen Acrasiales
11 Cellulose-glucan Qomycetes**
ITT Cellulose-chitin Hyphochy tridiomycetes
IV Chitosan-chitin Zygomycetes
¥ Chitin-glucan Chytridiomycetes
Ascomycetes
Basidiomycetes
Deuteromyceates
¥I Mannan-glucan Saccharomycetaceae
Crytococcaceae
VII Mannan-chitin Sporobolomycetaceae
YIT1 Palygalactosamine-galactan Trichomycetes

*Fprom Bartnicki-Garcia (3}
**Some members of the order Leptomytales have been shown to contain also
chitin in the cell wall (22, 23).

METHODS

Datection of chitin in cell walls of fungi has been achieved by the
classical microchemical test of van Wisselingh (40). This method may give
erratic results, however, 50 its use has been mostly abandoned as a reli-
able test for chitin. Several authors have made use of the characteristic
insolubility of chitin as a method of detection. These authors regard a
compound which is insoluble in acid and alkali and releases glucosamine
by hydrolysis with 6N HC1 to be chitin. More reliable is the use of
infrared spectroscopy te detect chitin. Michell and Scurfield {26} made a
careful study of the infrared spectra of standard compounds and found that
chitin was easily recognized from other cell wall components by its
characteristic bands. They compared the spectra of isclated and extracted
cell walls from several fungi with the standards and recognized the
presence of chitin and cellulose in the different genera examined. Infra-
red spectroscopy has been used to detect the presence of chitin in
Aspergillyus (33), Morchella (35) and Choanephora cucurbitarum (21}. The
method par excellence to detect chitin s the use of x-ray diffraction.
X-ray powder diagrams have been extensively used to detect chitin in whole
cells, isolated. cell walls and extracted cell walls.

Galun et al.{15} used an ingenious method to detect the presence of
chitin in three fungi isolated from lichens. These fungi grow so meagerly
that it was impossible to collect enough material te carry out chemical
analysis. The authors regarded the incorporation of N-|3H| acetyl glucosa-
mine and the binding of fluorescein-conjugated wheat germ agglutinin as
evidence for the presence of chitin in the cell walls of these lichen
fungi.



Quantitative determination of chitin involves measurement of hexosa-
mines in acid hydrolysates of the cell walls. Since during hydrolysis
N-acetyl hexosamines arve deacetylated, the method does not distinguish
batween polymers of hexosamines and N-acetyl hexosamines. Most authors
first extract alkali-soluble glycoproteins and acid-soluble chitosan
before measuring chitin. It is also important to determine whather all
the hexosamine released is glucosamine or if there are also other hexo-
samines, of which galactosamine is the most abundant. A gentler and
more specific method to determine chitin is the measurement of N-acetyl
glucosamine released by enzymatic hydrolysis with chitinase and chito-
biase. This method has been seldem used and then only for specific pur-
poses {117.

Microfibrillar structure of the cell walls of fungi

Several fung] which contain chitin in thefr celT wall have been examined
by electron microscopy. It 1s a general observation that the outer sur-
face of the cell wall appears rather smooth, or at most granular, whereas
the inner surface shows the presence of microfibrils. The microfibrillar
appearance of the cell walls becomes more apparent when these are extrac-
ted with acid and alkali or treated with specific enzymes to remove amor-
phous compounds. Microfibrils have been observed by electron microscepy,
mostly after shadowing, but also heavy metal replica have been prepared
(21).” Negative staining of cell walls from Histoplasma farciminosum {36)
revealed the presence of microfibrils, both isolated and in bundles,
measuring ca. 6 nm, Similar microfibrils 2-7 nm wide have been observed
in oblique and tangential sections of Gilbertella persicaria (9).

In most fungi studied, microfibrils do net fellow a particular orienta-
tion, but rather they are randomly oriented. MNevertheless, Scurfield {37}
described that in the inner surface of Polyporus millitae microfibrils
showed a strong tendency toward a transverse orientation. In cross walls
of the same fungus, microfibrils were circularly arranged around a central
pore. A similar arrangement of chitin microfibrils has been described in
the septa of Chaetomium globosum (25).

Presence and content of chitin in fungi belonging to different taxonomical
QFOUES

As mentioned above, chitin is present in most fungi. Using micro-
chemical tests, infrared spectrophotometry and x-ray diffraction, it has
been shown to be present in the cell walls of selected species of most
taxa: Chitridiomycetes, Hyphochytridiomycetes, Qamycetes, Zygomycetes,
Deuteromycetes, Ascomycetes and Basidiomycetes. Chitin has not been de-
tected in Schizomycetes, Myxomycetes and Trichomycetes.

It had been generally considered that Oomycetes lacked chitin in their
cell walls, but x-ray diffraction studies by Lin and Aronson (22) revealed
the presence of chitin and cellulose in the cell wall of Apodachlya sp.
and more recently in the cell wall of the related species Leptomi tus
Tacteus (23). These fungi contain in their cytoplasm unique granules,
cellulin granules (28), which are composed of glucan and chitin (20). By
x-ray diffraction, chitin and cellulose have been found also to co-exist
in the cell wall of the hyphochytridiomycete Rhizidiomyces sp. {14) and
in the ascomycete Ceratocystis ulmi (32). By use of infrared spectro-
photometry it was found tﬁat the deuteromycete Epicoccum sp. possibly



contained both chitin and cellulose (26)}. This result has not been cor-
roborated by use of x-ray diffraction.

Quantitative data of the content of glucosamine in the cell walls of
fungi belonging to different taxa are shown in Table 2. Data were cal-
culated from the tables recapitulated by Bartnicki-Garcia (4), and were
completed with data that appeared in the more recent literature. Some
data were originally reported as glucosamine and other as N-acetyl gluco-
samine. In general, they are regarded as a reflection of the amount of
chitin present in the cell walls., Data are expressed as the mean of %
glucosamine in the several species examined. Standard deviation and the
Towest and highest values reparted are included. Mode was calculated only
for those groups which had enough representatives to give meaningful re-
sults and where data showed modal distribution., Fracticnal data were
taken to the closest integer to calculate mode.

TABLE 2

GLUCOSAMINE CONTENT OF CELL WALLS FROM FUNGI
BELONGING TO DIFFERENT TAXONOMIC GROUPS

GLUCOSAMINE CONTENT (%)

TAXONOMIC

GROUP MEAN ST. DEVIATION LOWER HIGHER MODE
Qomycetas 2.3 4.3 0.1 18.2 bl
Chytridiomycetes 58.0 = - - -
Zygomycetes 15.0 10.1 2.1 31.0 -
Hemiascomycetes 1.5 0.9 0.05 2.9 1
Euascomycetes 17.6 10.6 5.1 48.0 7.12
Loculoascomycetes 14.8 10.0 4.8 38.0 -
Homobasidiomycetes 12.4 16.7 1.6 61.0 8
Heterobasidiomycetes 4.5 - 3.7 5.4 -
Deuteromycetes 10.5 9.6 0.35 29.7 -

In the case of Qomycetes, the small amounts of glucosamine detected in
the cell walls are not supposed to be present in chitin. Only the higher
value (18.2%) which corresponds to Apodachlya sp. is considered to be
chitin (23).

The only chytridiomycete reported, Allomyces macrogynus (1), centains
one of the highest values of chitin, but it may not be representative of
the whole class. As a group, Euascomycetes are the fungi with the highest
content of chitin. The lowest value (5.1%) corresponds to a particular
strain of Neurospora crassa {(24); however, other strains of N. crassa have
as much as 17.7% chitin in the wall. The highest value reperted corres-
ponds to Aspergillus oryzae. Hemiascomycetes are the taxonomical group
that contains the lowest amounts of chitin in the cell wall, and,as men=-
tioned above, it is restricted to the bud scars. The lowest value reported
is from Hanseniospora uvarum, and the highest value from Saccharomycopsis
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gutulata (4). Zygomycetes and Loculoascomycetes contain similar amounts

of chitin. The lowest value for Zygamycetes corresponds to conidia from
Mucor rouxii {3) and the highest value to the sporangiophore from
Phycomyces blakesleeanus (27). Iygomycetes contain chitosan besides chitin
Tn thesr ceTl walls. Since chitosan is solubilized by hot acid, the repor-
ted values of glucosamine correspond to that released by hydrolysis of the
acid-insoluble residue. The lowest value for Loculpascomycetes was repor-
ted for the marine fungus Leptosphaeria albopunctata (39), and the highest
value corresponds to the phytopathogen Cochliobolus miyabeanus (4).

Homobasidiomycetes contain lower amounts of chitin than Zygomycetes and
Loculoascomycetes, but a minor number of genera have been analyzed. Low-
est and highest values reported correspond to the same species Selerotium
rolfsii, the lowest being for sclerotia and the highest for mycelium (4).

Even more minor amounts of chitin are present in the cell walls of
Deuteromycetes; the lowest value was reported for Candida utilis and the
highest value for Epidermophyten floccosum (4).

The only member of Keterobasidiomycetes whose cell wall has been ana-
1yzed is Tremella mesenterica (30).  The yeast form contains lower amounts
oF chitin than the conjugation tube (see below).

From the collected data it {s evident that there are large fluctua-
tions in the chemical composition of the cell wall from different fungi
belonging to the same taxonomical group, and even of different strains of
the same specfes. A criticism which can be made of the analyses reported
is that fungi were grown under different conditions, in media of variable
composition, and for different periods of incubation. The cell wall can-
not be considered as a static structure, but it may suffer gross changes
in its composition depending on the conditions of growth. It has been
demonstrated that synthesis of chitin continues after protein synthesis
has been blocked by addition of cycloheximide (38).

Contents of chitin in spores and mycelia

There are only a few reports where the composition of cell walls from
conidia has been compared with that from the mycelium or the sporophore.
Collected data are shown in Table 3. With one exception, spores contain
lower amounts of chitin than mycelium. The most striking differences
correspond to Mucor rouxii, whose spores contain only 2% chitin compared
to 9% of the mycelium and 18% of the sporophore, and particularly
Trichoderma viride whose conidia have no chitin, whereas the mycelium con-
Tzins 12-22% chitin depending on the age of the culture (7).
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TABLE 3

RELATIVE AMDUNTS OF CHITIN IN THE CELL WALL OF FUNGI

AT DIFFERENT STAGES

FUNGUS STAGE CHITIN (%)

Mucor rouxii Mycelium 9.4
Sporangiophore 18.0
Sporangiospore 2.1

Aspergillus phoenicis Mycelium 23.7
Contdia 36.2

Neurospora crassa Myceiium 8.0-11.9
Conidia 7.4-9.0

Penicillium chrysogenum Mycelium 19,5-42
Conidia 11.4

Trichoderma viride Mycelium 12-22
Conidia

Comperative amounts of chitin in the cell walls of dimerphic fungi

There are fungi which show di
ferent conditions. They are called dimorphic fungi.

fferent morphology when grown under dif-
Cell walls from the

yeast and mycelial forms of several dimorphic fungi have been analyzed,
and the results are summarized in Table 4.



TABLE 4

RELATIVE AMOUNTS OF CHITIN IN THE CELL WALL
OF SOME DIMORPHIC FUNGI

FUNGUS MORPHOLOGICAL STAGE CHITIN (%)
Mucor rouxii Mycelium 9.4

Yeast 6.4
Saccharomycopsis gutulata Mycelium 2.3

Yeast 1.7
Blastomyces dermatitidis Mycelium 13

Yeast 44
Histoplasma capsulatum Mycelium 4, 25.8

Yeast 256, 11.5
Histoplasma farciminosun Mycelium a0

Yeast 25.8
Paracoccidioides brasiliensis Mycelium 1

Yeast 37
Tremella mesenterica Yeast 3.7

Conjugation tube 5.4

There is no correlation between the morphology of the organism and the
content of chitin. Mucor rouxii, Saccharpmycopsis gutuiata and Histoplasma
farciminosum contain s1ightly higher amounts of chitin in the mycelial form
than in the yeast form; whereas Paracoccidioides brasiliensis and
Blastomyces dermatitidis contain more chitin in the cell wall of the yeast
form. Conflicting reports exist on the chemical composition of the cell
wall from Histoplasma capsulatum; whereas Domer et al.{12) reported that
the yeast form contained more chitin than the mycelial form {25% vs. 4%).
Kanetsuna et al.{18) reported that the mycelial form contained 25.8%
chitin and the yeast form only 11.5%. Interestingly, the related species
Histoplasma farciminosum (36) is the dimerphic fungus which contains the
highest amount of chitin in the mycelial form.

Included in Table 4 are data on the composition of the cell wall from
the basidiomycete Tremella mesenterica. This organism grows in & yeast-
like form, but a Tong conjugation tube is induced hy the presence of speci-
fic hormones (2). Analyses of the cell walls from the yeast and the con-
%ug%tion tubes revealed that the latter contained larger amounts of chitin

30).
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From the data presented in Table 4, it becomes apparent that the mere
difference in the relative ampunts of chitin in the cell wall cannot ex-
plain the difference in morphology. Cell shape is probably determined by
the pattern of growth of the cell wall. It has been shown {5} that fila-
ments grow only in the apical region, whereas yeasts grow uniformly
throughout the cell surface. Alternatively (or simultaneously), differ-
ences in the regulation of chitin synthetase may explain the pattern of
wall construction {34).
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THE DETECTION AND ESTIMATION OF CHITIN IN INSECT ORGANS
A. Glenn Richards

Department of Entomology, Fisheries & Wildlife
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St. Paul, Minnesota 55708

ABSTRACT

Chitinous membranes are never pure in nature. Usually some chemical
purification is necessary before applying a test, and for small and deli-
cate parts the purification is of uncertain validity. Several technigues
that are valid with robust samples {e.g.,x-ray diffraction) cannot be
applied to tiny delicate objects in a hetercgeneous medium.

The presentation will cover the working definitions used by various
workers. These include {1) simply weighing the residue remaining after
prolonged extraction with NaOH; (2) determining the amount of glucosamine
or acetylglucosamine after acid or enzymatic hydrolysis_of such residues
from extraction with alkali; {(3) the incorporation of CT4 tabeled glucosa-
mine or acetylglucosamine into an alkali-insoluble component; {4} the
classical van Wisselingh chitosan coler test with iodine; and {5} the
fluorascent chitinase reaction.

INTRODUCT ION

My remarks will be of little interest to those whose concern with
Arthropods is only as the raw material for the manufacture of chitin and
chitesan. As a biologist, I am interested in guestions such as: Are aTl
membranes that are dispersed by hot alkali really devoid of chitin? Do
chitin percentages range in a continuous series from 60 or 80% down to
zere? And, if similar appearing membranes occur with and without chitin,
then what is the significance of chitin? These questions cannat he defi-
nitely answered today. How close can we come?

METHODS

No pure samples of ¢hitin are known to occur naturally, and to judge
from data such as Rudall's x-ray diffraction studies, chitin does not occur
free in cuticles but only in association with protein to which it is bound
in some manner. In practice, chitin is a substance that is not dispersed
by hot 1 N NaOH. Further characterization may or may not be done. The
residue frem alkaline purification may be quantified by either gravimetric
determinations or by estimation of glucosamine (GA) or acetylglucosamine
{AGA) following acid or enzymatic hydrolysis. By definition,then, any
units which are removed during 'purification' would not be called chitin.
The inadequacy of this conclusion will be dealt with in discussing the
van Wisselingh chitosan color test.

In 1971 Hackman and Goldberg (2} proposed a semi-micro method of chitin
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analysis. This involved dissecting off integuments, cleaning off the epi-
dermal cells by swabbing in 70% ethyl alcohol, extracting with chloroform-
methyl alecohol (2:1), drying, and powdering in a Wiley mill. The powder
was extracted 2X with 1 N NaOH at 100° for 24 hours, and the supernatants
discarded. Without removing the residue from the tube, it was washed
successively with water, 2 N HCY to remove adsorbed alkali, 6X with ethyl
alcohol and 3X with diethyl ether. Tubes with residues were dried and
weighed. Then the 'chitin' was removed and the tube washed and re-
weighed, Stated values for chitin were, then, the difference in weight
of tube + chitin minus tube alore. Using the above method, the authors
concluded that the cuticles of ticks contained 3.8% chitin and the mem-
branes of a bloodsucking bug 11.2%. While the authors did not state it,
this technique assumes that all chitin is insoluble in 1 N NaQH and none
disperses in any way to become lost (remember that the supernatants were
discarded); it also assumes that nothing else is insoluble in 1 N NaOH.
Clearly, the method does not employ balance-sheet procedures that account
for all components.

For the peculiar 'living fossil' Peripatus, Hackman gave & value of 8%
chitin in the cuticle based on calculations from the GA content of acid
hydrolysates of alkali-treated cuticles. Many more such values have been
given by Jeuniaux from enzymatic hydrolysates of alkali-treated cuticles.
Jeuniaux obtained lower values, sometimes much lower values, when the
cuticles were not first 'purified’ by treatment with alkali. This is the
genesis of Jeuniaux's concepts of 'free' and 'bounc' chitin which explains
higher values from alkali-treated cuticles as being due to the removal of
masking by certain chitin-protein associations. GA and AGA are found in
the hydrolysates of numerous things other than chitin, but the tacit assump-
tion is made that such alternative sources of GA and AGA have all been re-
moved by treatment with hot 1 N NaQH. Again we encounter the idea that
chitin is immune to alkali which, however, allegedly removes evervthing
else (exceptions can be cited for both points in this sentence}.

The incorporation of C14 labeled GA or AGA into an alkali-insoluble
fraction has been reported. While this can be a good approach for studying
chitin deposition, it does not seem useful for the identification of chitin
as it appears in naturally occurring structures.

This leads to a consideration of the time-honored van Wisselingh chito-
zan color test. This test involves partial or complete deacetylation of
chitin with hot conc KOH to produce chitosan. The more or less deacetylated
chitin reacts with iodine at low pH to give a characteristic violet color.
Since no other compound resistant to hot concentrated alkali is known to
give this color reaction, it is considered specific. Even though the test
seems to be reliable when positive, it is still dubious in terms of univer-
sal applicability.

In the first place, any cbject being tested must sti11 be recognizable
after heating in conc KOH for some minutes. Since such drastic treatment
with alkali destroys most biological structures, the object bheing tested
must not only be durable, but alsc sufficiently large to be found and
identified. Thus, trachepies {the terminal branches of the respiratory
tree in insects) are said to be dispersed. but their size is such that one
wonders if they are really dispersed or just no Tonger recognizable.

More obvious is the case of delicate structures that disintegrate under
the normal van Wisselingh procedure, but which if treated less violently
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may survive to give a positive chitesan color test. The minute scales on
the wings of butterflies and moths are good examples. In many species
these contain enough chitin to survive the most violent alkaline treatment.
In other species some of the scales will only survive a less hot, lass
concentrated or Tess prolonged treatment--and then give a positive color
test. Scales of a very few species never survive treatment with hot alkali.
Results with scales of more than 100 species are tabulated by Richards {5).
These homelogous structures from different species of this group of insects
form a series in which some give strongly pesitive test results and hence
may be presumed to contain a considerable percentage of chitin. Others
contain either less or more readily dispersed chitin, and seme seem to be
negative--whatever invariable dissolution in hot alkaline solutions means.

The results from these tests, reported 30 years ago, seem clear. Some-
thing giving the van Wisselingh color test for chitin can be dispersed by
alkali. What, then, is the validity of chitin determinations based simply
on alkali-insoluble residues, or GA or AGA determinations from such alkali-
inspluble residues? As a biologist, perhaps I can be excused for asking
why no gualified chemist has addressed himself to the problem of what is
dispersed from such preparations by alkali. Chitins of various molecular
weight, such as described by Strout, Lipke and Geoghegan, may be part of
the answer; we do not know.

One would think that there must be some minimal concentration of chitin
for a structure to remain recognizable after removal of other components.
Most chitin-containing integuments are reported to contain 30-40% chitin
on a dry-weight basis (3, 6). A few insect species have values as high as
60% (some decapod Crustacea have values up to 85%, if one considers only
the organic components}, but a few are recorded as having only 2-4%. These
low values have sometimes bean induced only by gravimetric determinations
of the amount of alkali-insoluble residue, but in other cases, they are
calculated from AGA content. It would indeed be interesting to know if
the component called chitin in these cases with low percentages was really
the same as chitin present in high proportions. 1 wonder if the determina-
tions resulting in reporting such very low percentages are valid. T do
not know of any case where a report of very low percentage has been accom-
panied by identification of all that was removed.

With the uncertainties just itemized, I welcomed the report of the
development by Benjaminson (1) of a fluorescent-enzyme technique that
seems to hold great promise. He conjugated chitinase with either fluores-
cein isothiocyanate or 1issamine rhodamine B 200 chloride and took advan-
tage of the attachment of an erzyme to its substrate to localize chitin by
fluorescence microscopy. This method is comparable to the powerful flucres-
cent-antibody technique that has been so valuabie in immunology. However,
the description indicated that only a minimal amount of testing had been
done. Benjaminson showed only that the method could work. We bought some
chitinase from a commercial source and prepared the fluorescent enzyme only
to find that the chitinase was so impure that many things were stained. We
attempted to purify the enzyme, and did clean it up by coluwn chromategra-
phy to the point that other things were only faintly stained when known
chitinoys structures were intensely stained. Chemists at the laboratory
where Marks & Leopold {4) work did a better job, and nice looking pictures
resulted {Figs. 7-6)}. This technique does not have the ambiguity arising
from a preceding treatment with alkali.

There has still been inadequate testing of the fluorescent-enzyme method.
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The above authors used only normal cuticies that were not of great deli-
cacy. Presumably these contained the usual concentration of a-chitin.
Tests have not yet been made to check the method with all the known
crystallographic types of chitin (¢, 8 and v), with low as well as high
molecular weight chitins, with 'free' versus 'bound' chitin (3), with
chitosan, with dispersed and regenerated chitins and chitosans, or with
membranes which are dispersed by alkali {tracheoles, epicuticle, air sacs
of bees, etc.). Presumably, like histochemical methods in general, the
fluorescent-enzyme method will be a qualitative test not readily made
quantitative. However, qualitative tests are good for identification and

localization.

In cenclusion, numerous real advances in chitin chemistry have been
made in recent decades, but the ability to identify chitin with certainty
in small and delicate structures has advanced 1ittle. In the & years
since it was described, the fluorescent-chitinase technique has been used
by only one set of authors. It has real promise but needs extensive
evaluation.
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Figure 1. A section through the cuticle of a leq of a freshly
molted cockroach as seen in & phase-contrast microscope.
a = cuticle; b = epidermis. A1l photographs from
Marks & Leopold (4}.

2

Figure 2. Same specimen stained with flucrescent-chitinase and
cbserved in a fluorescent microscope, Note that
only the cuticle is stained.
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Figure 3. Section through the cuticle of a regenerating leg
at 25 days in vitro as seeh in a phase-contrast
microscope. a = cuticle; b = epidermis.

4

Figure 4. Same specimen stained with fluorescent-chitinase
and observed in a fluorescent microscope. Note Tow

intensity of fluoresence in contrast to the normal
leq {Fig. 2).
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Figure 5. Section through the cuticle of a regenerating leg at

10 days in vitro as seen in a phase~contrast micro-

scope. a = refractile droplets; b = cuticle,
¢ = epidermis

Figure 6. Same specimen stained with fluerescent-chitinase and

observed in a fluorescent microscope. The thin cuticle
(b) appears as a bright line; the refractile droplets

{a) between cuticle and epidermis are also fluorescent
and hence assumed to contain chitin.
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Il. ECONOMIC CONSIDERATIONS OF
ALTERNATIVE SOURCES OF CHITIN



30

APPROACHES TO A PRACTICAL ASSESSMENT OF SUPPLY AND DEMAND
FOR CHITIN PRODUCTS IN THE UNITED STATES

Albert E, Murray and Dale Hattis

Center for Policy Alternatives
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

ABSTRACT

Successive waves of interest in chitin development over the past several
decades have stimulated a considerable quantity of technical Titerature and
patents for numergus types of applications, but relatively little sustained
production and use. MWe shall discuss a practical analytical framework for
making realistic assessments of:

o the Tikely quantity and cost of chitin producible from
the shellfish waste available in the United States;

o the magnitude of Tikely demand for chitin-derived products
at specific prices.

Considering the suppiy realities, we suggest the general form of a busi-
ness strategy we feel is likely to succeed in achieving eccnomic viability.
Our overall canclusion is that it appears to be commercialiy feasible to
produce between one and four million pounds of chitin/chitosan per year for
sale at a price between $1.00 and $2.50 per pound.

INTRODUCTION

Estimates of large quantities of crustacean shell waste available for
chitin production have been, in part, responsible for stimulating or en-
hancing practical interest in chitin. On the other hand, difffculties and
uncertainties of supply, as well as uncertainties in market potential, have
apparently been a factor in the abandonment of some commercial ventures in
this field. GSince these problems are crucial to assessing the commercial
prospects of chitin, they have received the major emphasis in a study we
have recently completed under the sponsorship of the M.I.T. Office of Sea
Grant {5). The aim of the study was to consider whether and how chitin
might profitably be produced and s¢ld, to obtain reasonable expectations of
the possible quantities, and to assess business arrangements by which this
might come about. Today, we would like to suggest a sound approach to this
type of assessment and to briefly present some results obtained utilizing
that approach.

ESTIMATING ACCESSIBLE SHELL WASTE SUPPLY

Impressively large estimates of petential chitin production in the
United States have been inferred from statistics on total shellfish landings,
or other mathods that do not critically consider the scattered distribution
or the practical cost of gathering the necessary material into shell waste
processing plants. When these factors are considered, virtually all of the
lobster shell, and substantial amoynts of shrimp and crab shell, must be
eliminated as not practical for collection. Our own estimates are based on
detailed tabulations of the quantities of different processed shellfish
praducts produced in every state (6). We exclude as practical chitin
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sources those products which are marketed still in the shell and others
which are produced from imported shellfish in pre-shelled frozen blocks.

Beyond this, it is important to consider that even those products which
are landed and shelled in this country produce a shell waste which is
highly perishable, of low density, and has a substantial amgunt of water.*
Transportation of this material is, therefore, rather expensive relative to
jts potential value. Because of these factors, a tentative assumption was
made that maximum trucking distance for wet waste would be on the order of
50 miles. The assumption allowed us to define 50-mile radius circles, cen-
tered over major processing areas, so as to include the maximum number of
waste-producing plants. Circles were applied to all areas containing any

substantial supply.

Within each circie available waste was estimated, using appropriate con-
version figures for the species and the shelling process involved. For
crab, the ratio of solid waste to live weight was taken as 60-75%, wnile
the range of shrimp landed without heads was 9-22%, accounted for by
variation in species, size, season of the year and processing method.
Shrimp heads were computed separately, based on area-by-area surveys of the
frequency with which shrimp are Tanded with heads on, and taking account of
the considerable differences between large and small species.

RESULTS OF THE SUPPLY ASSESSMENT

When waste production was calculated for the Z3 encircled areas, the
total came to 149 - 192 million pounds, not counting Alaska, Addition of
Alaska brought it to 237 - 302 million pounds. This material consists of
shrimp body peelings, shrimp head waste and crab waste, each of which has
a different chitin content. The chitin yield, if all of this were pro-
cessed, would be between 7.4 and 13 million pounds, not counting Alaska, or
& grand total of between 31.7 and 37.4 million pounds, i¥ Alaskan material
were utilized.

0f course, for numercus reasons, it is not in the near future practical
to utilize all of this material. Even if there were a ready chitin market,
several of the encircled areas da not appear to have enough waste to make
chitin production in those areas profitable.

In a chitin plant, certain economics of scale would be necessary for
economic viability, and shipment of materials to or from scme points,
especially in Alaska, can impese unbearable costs. Before many of the areas
could be considered as practical sources, special conditions would be neces-
sary.

PROSPECTIVE BUSINESS ARRANGEMENT

Seeking special conditions that could improve the profitability of shell
processing in remote or modestly endowed areas, a business strateqy involv-
jng both chitin and protein from shellfish waste was developed and evalua-
ted. The strategy treats chitin as a by-product of a protein recovery pro-
cess that, in scme cases, may be profitable even in the absence of any

*The water content of shell waste (60-80%) in particular may have been
a source of confusion leading to earlier optimistic estimates of total po-
tential U.5. chitin supply.
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market for chitin, and would produce a guantity of dried shell waste suffi-
cient to supply & developing chitin market. The business plan would be for
certain strategically located shellfish or food-waste processors fo reduce
chell waste to two dried components: (1) a mechanically separated profein
material for use in animal feed and (2) the remainder of the dried waste
for sale to a regional or maticnal producer of chitin derivatives. Such

an arrangement would solve many processors' waste problems and allow them

a reasonable profit, considering all ¢redits, without requiring them to en-
ter fields far outside their present expertise. It would also provide a
Targer aggregate supply of chitfnous shell residue to a chemical processor
whose capabilities are more certain to include appropriate process, pro-
duct and market development capabitities,

Other options are pessible, provided that both supply and marketing
potentials are sufficiently assured. Thus, it is feasible for a seafood
company, already in command of a substantial supply of waste, to process
this material all the way to chitin or its derivatives, or for a chemi-
cal company (especially one with food chemical gperations) to acquire a
large reliable supply of raw waste for conversion to sophisticated pro-
ducts. In both instances. some of the essentials for supply comtrol,
financial stability, and product development or marketing capability are
already present.

COSTS, PRICES AND QUANTITIES

The cost of any form of shell processing, whether merely drying it or
producing chitosan, would vary from region to region, partly because of
differences in labor, fuel and chemicals, and partly because the scale of
the operation and efficiencies dependent on it will be limited by the
quantities of available waste. If the 2-stage processing business arrange-
ment were chosen, the drying state, which is less demanding in scale effi-
ciency, could be feasible in areas that could not support an independent
chitin plant. If the output of several of these areas were funneled to one
chemical plant, the combined advantages would include the maximum level of
chitin production at the lowest overall cost. With this scheme in mind, we
have speculatively computed what these numbers might be.

First state processing was assumed to include appropriate steps for col-
lection of mechanically separable proteinaceous tissue superficially attached
to the shell, and to result in twe dried components: a high-protein by-
product and the clean shell-waste residual. Since the protein by-product
appears to have a market, the cost of producing the chitinous shell residual
was computed as:

CSR = {net cost of collecting shell waste) + {cost of
processing steps and associated business costs) -
{credits for the sale of separable protein and
reduction of waste-disposal costs)

A range of costs was computed for each producing area {defined by the 50-
mile circle), based on a range of reasonably expectable circumstances and
two alternative levels of production. [t was assumed that a modest produc-
tion level {one third of each area's theoretical potential} could generally
be achieved by a single large processing coempany from wastes generated hy
its own operations, with no collecticn cost, and with a saving of $5/ton on
waste disposal. For full production in each area, it was assumed that the
remaining two~thirds of the available waste would be purchasaed from other
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shellfish processors at §0-20 per ton and trucked up to 50 miles to the
plant.

Space does not permit a full elaboration of all aspects of the optimis-
tic and pessimistic sets of assumptions which were used to generate the
ranges in estimated production costs for each area and level of production.
Briefly, the major uncertainties which gave rise to the ranges were:

o Quantities of total waste available (leading to different
economies of scele in both capital and operating costs}

¢ Composition of the waste {ratio of recoverable protein to
other waste components)

o Future long-run selling price of the protein product. The
optimistic assumption was that the protein would sell for
a price equivalent te 30¢/1b. of 100% protein content.
The pessimistic assumption called for a price equivalent to
23.3¢/1b. of 100% protein content. On the basis of fish-
meal with 60% protein content, these prices would be
equivalent to 18 and 14¢/1b. (5360 and 5280 per ton) fish-
meal prices.*

o Total labor cost (range: $6.50-9.00 equivalent per hour}

o MNecessary before-tax return on investment to attract
needed capital [range: 20-40% per year)

It was concluded that for certain areas on the Atlantic, Pacific and
Gulf Coasts, and under the most optimistic set of assumptions, a shellfish
processor holding at least one-third of the area’s waste may be able to
earn a sufficient rate of return on the protein alone to justify the re-
quired investment, without any need for revenue from sale of the dried
shell residual. Under the most pessimistic set of assumptions, there may be
no areas around Chesapeake Bay, the South Atlantic Coast and the Gulf Coast
where the minimum required return on investment would be earned with shell
residual prices of less than 15 cents per pound.

When dried shell residual costs are tabulated for all areas, the focus
of study may then shift from the shellfish precessor to the firm that will
make and sell chitin derivatives. Using these data and other simple tools,
it is possible to estimate the cost of various Tevels of, say, chitosan pro-
duction and the prices that chitosan would have to bréng to induce those
production levels. Entering into the calculations are process-based cost
estimates which include the purchase and rail transport of dried shell
residual, cost of hydrechloric acid for demineralization and the cost of
caustic soda for deacetylation. System-basea cost estimates were made for
wages, utilities and depreciation of capital equipment. By adding to this a
minimum required return on investment and appropriate marketing costs,
minimym unit prices for various quantities of chitosan were calculated.

For ogur estimates, several assumptions were helpful. Rail transportation
was estimated at two to three cents a ton mile to Augusta, Georgia, where

*[t is conceivable that certain specialized animal feed uses might sup-
port higher prices than assumed in our study.
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caustic soda and acid should be plentiful and reasonable, and which is well
located between the major shellfish centers in the Atlantic and Gulf States.
It was also assumed that a chitosan manufacturer will purchase dried shell
residual from sources which will allow chitosan production at minimum unit
cost. Other assumptions allowed for a doubling of the amount of hydro-
chloric acid theeretically required, and a ten-fold excess of caustic soda
was allowed for maintaining desirable physical properties in the deacetyla-
tion mixture. Allowance was also made for the extra acid required for de-
mineralization of crab shells over that required for shrimp shells.

These exercises resulted in a tabulation of the costs of chitosan pro-
duction from shell residual obtained from each of the different supply
areas. Entries were made for each area showing the amount of shell
residual available, the cost which that supply would contribute to chitosan
produced in Augusta, and the minimum required selling price for the re-
sulting chitosan. Entries were arranged in increasing order of
overall cost contribution and a runming cumulative total of chitesan pro-
duction was entered against each. The graphic representation of the
supply function which such a table represents is shown in Figure 1. The
lower and upper lines of this figure represent, respectively, the optfmistic
ang pessimistic estimates of the minimum price of chitosan plotted against
guantity produced. From an examination of this figure, we would conclude
that chitosan production of between one and four million pounds per year
could be feasible with a 20-40% return on capital investment, at chitosan
prices somewhere between $1.00 and $2.50 per pound. What remains to be
done is an assessment of the likelihood that the market would absorb those
gquantities if pffered in that price range.

ANALYSIS OF POSSIBLE DEMAND

To estimate the quantities of chitosan that might be s0ld at varfous
prices we have used two different approaches: First, we have exanined the
price-quantity histories for selected groups of commercial polymers having
uses similar to some suggested for chitosen. By observing the precedent
set by functionally related other materials, one may derive similar expec-
tations for chitosan. Second, we have considered the reasonable market
potential for some specific applications of chitosan.

Relationships Becween Price and Quantity for Selected Groups of Commerctal
Polymers

Figures 2 to 5 show price-quantity relationships for four quite dif-
ferent polymer groups: general plastics, specialty plastics, cellulosics
and water-soluble gums and starches. Each figure shows the cumulative
quantity of all the different polymers in that polymer group which sold at
or above a given price.* This kind of plot gives us some idea of the dis-
tribution of uses** fur these materials which have supported given price
premiums over the cheapest substances in the category. If a chitin deriva-
tive is technically successful in performing some of the functions now
carried out by these materials, we can expect that it may, with effort,

*For example, in the "Gums and Starches" plot, Figure 4, the total quan-
tity of polymer selling at or above $2.40 per pound is the sum of the quan-
tities of tragacanth, agar and pectin sold, or about 12 millien peunds.

**1t is not, strictly speaking, an economic demand curve.
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capture some quantity of the market to the left of each line at some price
below the line.

For three of the polymer groups, the general price-quantity relationship
appears to be roughly log-linear {11near change in price fer logarithmic
change in quantity sold) whereas for the gums and starches the relationship
appears to be more neariy log-log. We do not have a theoretical framework
to explain either type of behavior,

We do find that when adjusted for inflation with the U.S. wholesale
price index, these relationships appear to be relatively constant over time.
For example, Table 1 shows the prices {corrected to April 1976 dollars)
corresponding to one and ten million pound per year quantities of the
yarious polymer groups inferred from price-guantity piots for different
years. It can be seen that for constant quantity, the price predicted from
the data for different years is essentially the same.

The appropriateness of any polymer group for predicting price-quantity
relationships for chitin derivatives must depend on a judgment of whether
chitin derivatives are 1ikely to be able to find applications at Teast as
economically valuable as current, successful members of the predictor group.
The two groups which, on structural grounds, are most similar to chitin de-
rivatives are cellulosics, gums and starches. It is noteworthy that, for
the modest chitin production levels Tikely te be attainable in the U.5., the
two groups suggest quite different potential prices. However, &n important
caveat must be attached to the use of the gums and starches polymer group
as a potential precedent for future chitesan markets. Many of the most ex-
pensive members of the gums and starches group find primary usage in food
as thickeners, stabilizers, etc, Chitin derivatives cannot be expected to
find uses in food for some time because the lang-term toxicological studies
required for approval as a food additive are not yet available.

Even, however, at the conservative price levels suggested by comparison
with the cellulesic polymer group, there appears to be a reasonable expec-
tation that the market can absorb several million pounds eof cellulosic
polymer at prices between $1.60-1.90 per pound. This range is somewhat
below the price needed to induce chitcsan production under the most pessi-
mistic set of assumptions on production costs, but it is above the midpoint
of the range between the optimistic and pessimistic production assumptions.
Thus, there is some indication that prices consistent with realistic pro-
ducer requirements are also consistent with values associated with similar
products.

Potential Demand for Selected Applications

The price-guantity record of polymers with gimilarity to chitin deriva-
tives allows a very neneral prcjection of likely market behavior. The
ultimate question, however, which cannot be resolved with the information
currently available, is whether or nct the specific properties of a chitin
derivative will enable it to perform specific economically valuable func-
tions at prices competitive with alternative materials for those functions.
Table 2 lists five important properties of chitosan and the major types of
aconomic uses which depend on those properties. In nearly all cases, good
comparative cost-effectiveness data ndicating the relative technical per-
formance of chitosan and its major competitors for each function are lack-
ing. Because of this, any assessment is incomplete and necessarily
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TABLE 1

PRICE-QUANTITY RELATIONSHIPS FOR DIFFERENT POLYMER GROUPS -~ DERIVED
FROM SALES DATA FOR VARIQUS YEARS

Indicated Selling Price of
the Most Expensive (April
1976 dollars)*

1 million pound 10 million pound
Polymer Group Year of Data quantity in group guantity in group
General Plastics 1972 2.40 1.90
1970 2,30 1.80
1965 2.70 2.00
1960 2.50 1.90
1955 2.30 1.80
Specialty Plastics 1973 5.90 4.10
1972 7.20 5.00
1971 6.40 4,40
Cellulosics 1974 1.90 1.50
1973 1.60 1.20
1972 1.70 1.30
1964 1.90 1.50
1965 1.90 71.580
1955 1.80 1.40
Gums and Starches 1972 5.10 2.60
1967 7 A0k Z2.40%*
1963 6.70%* 2.50%*

*Adjusted with U.5. wholesale price index for all commodities.

**yery approximate values -- price-guantity relationships not well de-
scribed as linear, even on Jog-log plots.



SUGGESTED APPLICATIONS FOR CHITOSAN

Property

Uses

High charge density and potential

binding capacity {relative to
other substituted celluloses)

Film~forming

Coagulation

Strong binding to negatively
charged polymeric products

Wound-healing promotion, non-
thromhogenic

Ion-exchange or chelating
solids for chrematography,
metal recovery from waste
streams, industrial-process
water purification for
cycling, etc.

Ion-exchange membranes for
electro-dialysis

Waste-water treatment

Paper-strength additive, dye
binder for textiles, binding
agent for non-woven fabrics,
sausage-casing component,
adhesives

Wound treatments, surgical
ad juncts
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speculative, but we will summarize cur major conclusions about likely
markets in twe of these areas.

Ion-exchange/chelating uses for chitesan appear to be among the most
promising in terms of the economic markets. Current styrene-divinylbenzene
ion exchange resins have total annual sales of several tens of millions of
pounds. Binding and chelating are functions for which at least some tenta-
tive cost-effectiveness compariscens can be made between chitosan's theo-
retical properties and the properties of commercially available materials
on the basis of binding capacity. If we assume that chitosan can match
the commercial resins in other important properties, we can ask what the
price of an 80% deacetylated (5 meg/gram) chitosan should be on an equal-
binding-capacity basis in comparison with available weak base resins.

Such a comparison, based on a 1974 price 1ist and property data for various
Rohm and Haas resins, suggests the equivalent value of chitosan to be be-
tween $2.35-6.41 per pound. More recent resin prices are 1ikely to give
somewhat higher values. From this viewpoint, it is not unreasonable to ex-
pect that this single market might absorb one or more million pounds of
chitosan at prices comfortably above what fs necessary to cover production
costs and & reasonable return on investment. Such an outcome would,
however, depend on developing actual products with packaging properties,
stability, uniformity and other characteristics competitive with existing
materials.

Recent investigations on coagulation applications provide
anpther example of where some Timited comparisons of cost-effectiveness
seem to suggest an appreciable market at an acceptable price. In these
studies, functional performance of chitosan yielded favorable comparisons
with competing polymers selling in the range of $1.50 to $3.00 per pound
{2-4). At present, this set of applications is reported to be supporting
& price of $3.00 per pound in Japan (1).

Space does not permit full examination of the ecomomic viability of the
many other suggested applications of chitosan. Some of these will be the
subjects of more specialized discussions by other speakers. MWe would
strongly suggest to researchers, however, that the generation of good com-
parative cost-effectiveness data for these applications will greatly facili-
tate commercial expleoitaticn.
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THE ECONOMICS OF CHITIN RECOVERY AND PRODUCTION
Peter M. Perceval

Hunt Crab Meal Company
Hampton, Virginia

ABSTRACT

The econemic viability of chitin recovery and production, at least at
the present time, is mainly dependent upon five factors:

(1) Tlow-cost initial supply of crustacea waste with the
capability for expansion without causing inflated raw-
material values;

(?) a better understanding by all concerned of any unique
properties that already exist in, or can be intreduced
to, this natural polymer;

{2) production methods which protect high-value market
properties;

{4) capability of defraying a significant proportion of nroduc-
tion costs by recovery and sa'e of by-products,
especially protein;

(5) quality control sufficient to guarantee minimum stan-
dardized product performance.

A plant capable of producing 1,000,000 pourds of chitin a year, or
750,000 pounds of chitosan, should be able to do so at less than $1.00 per
pound for chitin and $2.00 per pound for chitesan, even if its only by-
product is protein. How far production costs can be reduced below these
figures depends upon some of the points covered. How high the market price
will be depends upon the remaining factors.

DISCUSSION

The topic "Economics of Chitin Recovery ang Production” should
really be broadened to include the words “and by-product" because even if
chitin were to sell for such a high price that one could ignore the poten-
tial revenue from by-products, the tremendous volume involved would create
a significant disposal and/or pollution problem. Furthermore, in 2 world
concerned about protein availability, it is unthinkable to waste such a
source of superior protein, and most of this protein should contain sig-
nificant amounts of the important pigment astaxanthin, for which there is
a growing demand.

The first and most important factor affecting the economic picture ob-
viously is to obtain a Tow-cost initial supply of crustacea waste, such
that there is the capability of expansion without causing inflated raw-
material values. It may sound ridiculous to mention something that is so
obvious, but I can assure you, as can others in this room, that without
the certainty of expansion of raw materials at reasonable prices your own
initial success may put you out of business. Waste materials have little
or no value until someone knows you have to have them for expansion. In
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the United States, with a few exceptions such as in some parts of the
Mexican berder area and possibly portions of Alaska, any location that
would meet this criterion is Tikely already to boast a crustacea-meal
plant - either crab meal or shrimp meal. This is because large quantities
of waste only occur where there is a concentration of processing plants,
and such an accumulation of plants doesn't happen overnight. Thus, the
concentrations of waste are generally in places that have already had to
face the problem of waste disposal by approved methods. Usually their
salvation has been to convert it into a relatively low-value meal for
poultry feed. This was an entirely logical development. It merely up-
graded a material whose only prior utility was as a fertilizer. Admit-
tedly there are locations which are exceptfons to what I have just stated,
but few if any af these areas have a large enough concentration of waste
in a closely defined area to be of primary interest for chitin production.
However, those areas mey well make good secondary suppliers of raw
material.

Such existing utilization of shellfish wastes should not in any way
discourage those who are now interested in chitin production. 1In fact, if
you examine the economics of meal production and existing meal-plant opera-
tions, you will find that in most cases there is a heaven-sent opportunity
to bring about a further upgrading of the same waste. It would be very
appropriate if something which was first dumped, then collected as ferti-
1izer. and then converted intc poultry feed could now be used to realize
the promising applications that have been found for chitin and its
derivatives.

The potential chitin-producers' opportunity stems from the meal-produ-
cers' problems. With few exceptions, meal plants have been in existence
for some time, and with shifting community development patterns many of
them now find themselves in areas that have changed from sparse popuiation
to commercial or residential areas. The new neighbors don't like the odor;
air and water pollution prevention is costly, as is compliance with QSHA
and meeting increased fuel and labor costs, An economic study of the
shellfish meal industry would reveal the sad fact that the cests of pro-
ducing the meal continue to rise, but the price that can be obtained is
dictated mainly by prices of soy and fish meal, both of which can be pro-
duced in tremendous quantities and are therefore not so sensitive to
inflated producticn costs.

1 believe you will find that many meal producers would be receptive to
some arrangement with a chitin producer. Most importantly they already
have established collection systems drawing material from multiple primary
producers of the waste. Also, they have a lang history of service to their
primary producers. Thus chemical companies would net have to get into
the difficult matter of negotiating with dozens of different small sup-
pliers or the business of operating potentially smelly garbage trucks.

The second factor which radically affects the economics of chitin
recovery and production is to obtain a better understanding by all con-
cerned of any unique properties that already exist in, or can be intro-
duced to, this natural polymer. In the last four years I have heard too
many potential customers make the statement, “I don't know enocugh about
chitin or chitosan to really say where 1t would fit inte our line or what
qualities I would like to have in the samples we need, but send me some
anyway." 1 believe that by and large the same is true even today. Those
of us who have produced or promoted chitin and chitosan still don't know
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encugh about its unique capabilities to provide potential customers with
all the answers they must have. We all know that these chemicals are
exciting, or we woulde't be here in Massachusetts. In our excitement and
rush to get a product on the market, we have overlooked much of the basic
understanding of "our polymer."

Whatever it is that chitin and chitosan can do that cannot be done by
patential competitors should be emphasized. Furthermore, I am convinced
that we have only begun to scratch the surface of what there is to know
about properties that can be introduced into chitin and chitosan. If the
economics of plain chitin and chitosan production are favorable enough to
warrant thefr production, and I believe they are, the economics of other
derivatives and combinations should be even more exciting. We have got
to understand more about the basic chitin before we can get too far with
these other possible markets.

The next factor affecting the economic picture is the production
methods which are used at every step along the way. When you produce
chitin, let alone chitosan, you are incurring quite a lot of expense, and
it would be logical to expect that you will wish to selT your end product
for its highest possible value based upon any unique properties. Regard-
less of which properties you may wish to emphasize, age and previous
handling methods for the raw material may have already started working
against you. Again you may have succeeded in getting rid of all the
calcium, but in continuing acid treatment beyond that point, you risk
other damage without any indication of whai may be happening until it's
too late. Merely showing no ash residue will not tell you this. The same
is true for your deproteinization step. It is not hard to get rid of all
the protein, but what else did you affect if you used too harsh a treatment?
0f course, the same thing applies to deacetylation. From my experience I
believe that as much care needs to be used in protecting desirable proper-
ties as in disposing of all traces of undesirable ash, protein and acetyl
groups .

The fourth factor which is vitally important in considering the econcmic
picture is the matter of maximizing revenue from by-product recovery and
sale. Depending upon the raw material used, there are different amounts of
protein present and different amounts of calcium to be handled. In the
case of chitosan production, obviously there is yet another removal problem
in the matter of the acetyl groups. The costs of removing these undesivr-
ables can be significant, and what are you going to do with them to avoid
being a polluter? The quantities involved are staggering. For example,

a plant producing 1,000,000 pounds of chitosan from Gulf of Mexico shrimp
waste would have to dispose of about 1.75 miilion pounds of dry protein
annually. A plant working from blue-crab waste and producing 1,00C,000
pounds anrually of chitin will find itself buried in approximately
3,000,000 pounds of proteinaceaus material plus several million pounds of
calcium 1n some form or another.

The calcium presents some interesting dispesal and/or recovery problems,
but the protein situation is fairly simple. This is excellent protein,
which varies according to species and method of extraction from about 60% 10
a0% protein value. Again, according to species and method of removal, etc.,
it may contain significant amounts of the important natural pigment
astaxanthin. Thus, it has the potential of being marketable both for its
protein content and its pigment value. Even if it only sells in competition
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with 60% protein fish meal, the revenue producing potential is quite signi-
ficant.

As it happens, the best way of protecting the natural pigment is to
achieve maximum protein removal mechanically rather than chemically. What-
ever residual protefn s5till has to be removed chemically is so reduced in
quantity that you have the double benefit of tower alkali treatment costs
and less danger of possible chitin degradation.

In the ideal situation, the value of the protein alone should be such
as to pay for the original raw material plus the costs of its recovery.
This can be done in certain situations, and it goes without saying that
such a factor affects the economics of chitin production so radically that
utiTization of some waste materials may be completely uneconcmical without
maximizing protein recovery and sale.

The final factor which I maintain is significant to this discussion is
that of quality control. Enough variables are provided by nature in the
form of shell-moulting cycles, sex of the animal, size and age. Ewven the
particular portion of the animal from which the waste originated causes
the proportion of chitin to calcium and protein fo vary quite widely even
if you are using raw material from a highly contrclled source. If you
now add in the changes that can be wrought by different machines and pro-
duction methods on the part of the crab, shrimp or lobster processing
plant together with the effect of aging of the waste before you get it,
it 15 obvious that your raw material may not be of a very uniform quality.
Finally, the extraction of chitin and chitosan begins, and again a host
of variables are brought into play. The overall picture can be a quality-
control nightmare. Standards of purity and performance must be set which
are rigid enough to provide assurance to customers that specific qualities
are present while alse realistic enough to make it possible for chitin
producers to deliver their product at a price which makes it worth their
while. There needs to be better understanding on the part of all con-
cerned in this regard, and whatever is resolved may be the most signifi-
cant of all factors concerned with the economics of chitin production
and recovery.

Applying these generalities to a potential chitin location in the
Tower Chesapeake Bay area. 6,000 tons a year of blue-crab waste is ai-
ready being processed into meal. Nearby there is sufficient additional
waste available to provide an overall initial capability of 1,003,000
pounds of chitin a year. We estimate a per ton price of betwaen $30 and
S40 delivered to a chitin plant in the Southeastern Yirginia area, and
we know that there is enough additional raw material in the total Chesa-
peake Bay/Nortn Carolina area which can be obtained at reasonable prices
to permit future expansion to about 2,000,000 pounds of chitin.

Our research indfcates that a minimum of 95 pounds of dry chitin 7s
readily attainable per ton of incoming 60% moisture raw material. In the
pilot plant we were able to extract mechanically approximately 300 pounds
of dry protein per incoming ton of wet waste. This protein was dried in
tests by various dryer manufacturers, and it appears to have its maximum
value when drum dried as 60% protein flake.

So far, what all this means is that from an economic point of view one
would be looking at a raw material cost of between 31-1/2 cents and 42
cents per pound of chitin, but could recover 3.15 pounds of pratein
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mechanically for every pound of chitin extracted. If yocu assume even a
low value of 15 cents a pound for this by-product protein with some
astaxanthin in it, it can yield 47 cents in revenue. However, there is a
tremendous amount of calcium material in what is now left of the ariginal
blue-crak waste - namely the shell residual. We find that one neads about
§ pounds of 31.45% hydrochloric acid per pound of chitin for demineraliza-
tion. At a bulk delivered price for HC1 of 2 cents/pound and assuming no
recovery or re-use of the fluid, acfd costs would be at their maximum of
18 cents per pound of chitin.

We further find that turning this demineralized shell into chitin by
alkali deproteinization requires close to 1.5 pounds of 50% sodium hydrox-
ide per pound of chitin produced. If we again assumed no recovery of
solution and & delivered price in bulk of 7 cents/pound, this would amount
to a maximum of 10.5 cents per pound of chitin produced; hawever, this is
just for the chemical needed in the process. If you stop at chitin instead
of preducing chitosan, raw material and chemical costs would be a maximum
of 70.5 cents; however, if you recover the protein from just the mechanical
extraction step, it can produce a protein credit of 47.2% cents per pound
of chitin. Therefore, a more accurate cost estimate for the chitin would
be 23.25 cents per pound. However, don't forget that I am making no allow-
ance for value of any additional chemically extracted protein or possible
by-product revenue from the calcium fraction. Nor have I considered the
costs of utilities, labor, supervision, averhead and depreciation. Another
omission is the factor of whatever savings could be realized by recovery
and recycling of acid and alkali.

1f one's ultimate goal is the production of chitosan, we find that by
using the method which gives greatest control of sotution viscosity, we
need a maximum of an additional 5.75 pounds of 50% sodium hydroxide per
pound of chitosan produced. In actual fact, we start with considerably
more than this guantity - so much more that it is impossible not to con-
sider recovery, and we have found that 85% recovery is feasibTe. This 85%
is simply drained off the wet chitosan before it is washed to neutral. If
we assume the same bulk delivered price of 7 cents per pound of 50% sodium
hydroxide, deacetylation chemical costs would be a maximum of 40 cents.
However, the raw material and chemical costs of producing the chitin were
70.5 cents, and allowing for a 25% loss in conversion to chitosan, one
would need 1.33 pounds of chitin for every pound of chitosan. This amounts
to 91.75 cents of chitin raw material and chemicals before one adds the
10.25 cents of maximum deacetylation cost. Obvicusly, one now has a
figure of §1.34 from which one can subtract the protein credit of 47.25
cents mantioned earlier. The chitosan cost would be now 86.75 cents per
pound before adjustment for the costs of utilities, labor, supervision,
overhead and depreciation. In this example I am making no allowance for
the value of sodium acetate, if indeed it is even worth recovering. 1 have
hot reduced the cost of deproteinizing the chitin raw material by using
some of the chitosan wash fluid which would obviausly contain a consider-
able amount of sodium hydroxide. In full-scale plant production there
would be other cost-saving procedures which might reduce these figures
somewhat, and there may be cther by-products which could produce incidental
revenue. My reason for staying away from estimates of utilities, overhead,
supervision, labor and depreciation is that these vary so much from plant
to plant and country to country. In most cases I would suspect that indus-
trialists have their own rule-of-thumb muitiplier which they would prefer

to apply anyway.
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From the data I have presented I suggest that a plant capable of an
initial production of 1,000,000 pounds of chitin a year - or its equivalent
of 750,000 pounds of chitcsan - if using blue-crab waste as its raw mater-
ial, and if it merely recovers the so-called adventitious protein., shouid
be able to do s¢ at a cost of less than £1.00 per pound for the caitin
and $2.00 per pound for the chitosan.

How far production costs can be reduced below $1.00 per pound for c¢hitin
and $2.00 per pound for chitosan depends upon some of the five factors I
have covered. How high above these fiqures the market price wili be de-
pends upon the remaining factors. Provided that all are considered and
found present in your equation, the economic picture looks very favorable.
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TABLE 1

PRINCIPAL FACTORS INVOLVED IN CONSIDERING THE ECONOMICS

m

(2)

(3}

(4

OF CHITIN RECOVERY AND PRODUCTION

Low-cost initial supply of crustacea waste with
the capability for expansion without causing
inflated raw-material values

Better understanding by all concerned of any
unique properties that already exist in, or
can be intreduced to, this natural polymer

Production methods which protect high-vaiue
market properties

Capability of defraying significant portion of
production costs by recovery and sale of
by-preducts, especially protein

Quality control sufficient to guarantee minimum
standardized product performance
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TABLE 11

SCUTHEASTERN VIRGINIA CHITIN PLANT UTILIZING BLUZ-CRAB
RAW MATERTAL

Cost per Pound cf Chitin
¢

Raw Material Delivered
60% moisture, 95 pounds of
dry chitin per input ton.
$30 - 340 per ton. 31.5 to 42

Acid for Demineralization
31.45% HC1 by wefght.
2 cents/pound delivered.
Requires maximum of 9 pounds 18

Alkali for Deproteinization
50% NaQH 7 cents/pound
delivered.
Requires 1.5 pounds maximum 10.5

Sub-tntal Maximum 70.5

Protein available by mechanical
extraction
300 pounds/input ton of raw material
or
3.15 pounds/pound of chitin extracted.
Assumed sales price = 15 cents/pound

Protein Credit 47.25

Unadjusted cost per pound of chitin 23.25 ¢

Note:

No allowance for additional chemically extracted protein
or possible caleium by-preduct. Assumes no recovery and
recycling of acid or alkali. Mo costing for utilities,
labor, supervision, overhead or depreciation.
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TABLE III

SOUTHEASTERN YIRGINIA CHITOSAN PLANT UTILIZING BLUE-CRAB
RAW MATERIAL

Cost per Pound of Chitosan

¢
Transfer cost to chitosan
assuming 75% yield of chitosan
from chitin.

Raw Material + Acid for

Demineralization + Alkali for

Deproteinization Costs from

Sub-total on INlustration I1 =

70.5 cents X 1.333 93.75

Alkali for Deacetylation
50% MaOH 7 cents/pound delivered
5.75 pounds maximum consumed
per pound of chitesan produced 40.25

Sub-total Maximum 134.00

Protein Credit {from [llustration I1) 47.25
Unadjusted cost per pound of Chitosan 86.75 ¢
Note:

No allowance for additional chemically extracted protein,
or any other passible by-products. Assumes no recovery

or recycling of acid or alkali in chitin production, or
possible re-use in deprateinization of chitssan wash fluid.
Allowance is made, however, for B5% NaOH recovery by
draining chitosan after deacetylation and before washing.

No costing for utilities, labor, sypervision, overhead or
depreciation.
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ANTARCTIC KRILL (EUPHAUSIA SUPERBA) AS A SOURCE OF
CHITIN AND CHITOSAN

C.6. Anderson, M. de Pahlo and C.R. Romo

Institute of Nutrition and Food Technology
University of Chile, Casilla 15138
Santiago-11-Chile

ABSTRACT

Removal of the edible tail of Antarctic krill (Euphausia superba) by
mechanical peeling followed by alkaline extraction of the non-tail material
results in the production of 14.9% processing waste. The waste material
contains 24% chitin, compared to 3.2% chitin in whole krill.

Optimum conditions for deproteinization and demineralizaticn of the
processing waste to produce chitin were datermined. The deprotefnization
conditions involved extraction of the waste with 3.5% NaOH solution at 90-95° C
for 2 hours at a solids-to-solvent ratio of 1:10, while demineralization was
accomplished by extracting the deproteinized waste with 0.6 N HCl at room
temperature for 2 hours at a solids-to-solvent ratio of 1:22. An overall
recovery of approximately 89% of the chitin present in whole krill was
obtained, which was determined to be roughly 92-95% pure. Krill chitin
proved to be 2.6 times more porous than crab chitin. The chitin preduct
was highly colored by the presence of small amounts of carotenoid pigments,
tentatively identified as astaxanthin, astacin, a series of fatty acid esters
of astaxanthin and a protein-bound carotencid which was not characterized.

Krill chitosan prepared by the method of Broussignac was tan
colored and chtained in 90% yield, while crab chitesan was white and obtained
in only 60% yield. Krill chitosan was determined to be 2.3 times more
porous than crab chitosan. Chitosan from krill contained an average of 7.9%
nitrogen and showed an average viscosity as a 1% solution in 5% acetic acid
of 60 cps, while the respective values for crab chitosan were determined
to be 7.8% nitrogen and 67 cps.

INTRODUCTION

Euphausia superba (E. superba) is a species of krill closely resembling
shrimp, but considerably smaller, that is indigenous to the Antarctic
Ocean. The Antarctic krill has an average length of four to six centimeters
and an average weight of 0.7 to 1.2 grams. Since the demise of whales which
feed on krill, this crustacean has experienced a population boom. Conservative
estimates suggest that as much as 500 milifon metric tons of krill,
representing approximately 17% of an estimated 3 bitilion tons that inhabit
the Antarctic waters, could be harvested annually without disturbing the
stable population. This figure is astonishing when one considers that the
world's annual production of conventional fisheries is in the neighborhood
of 80 million metric tons.
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For the past few years the Fisheries Development Institute in Chile
has been studying the Antarctic krill and developing technology for its
procurement, processing and utilization as a foodstuff suitable for human
consumption. Recently the institute initiated a pilot-plant-scale operation
capable of processing whole krill by mechanically removing the adible tails
and extracting a majority of the protein, which is easily recovered, from
the non-tail material remaining (6). This process, however, results in
the production of roughly 156% waste material based on whole krill, and
should the fishing industry in Chile develop a full-scale krill program,
which it fully intends to do, the amount of waste material generated from
processing would be considerable and could present potential disposal and
poellution problems. Developing practical uses for the processing waste is,
therefora, important in advancing the practical utilization of krill.

With the interest generated in recent years concerning the use of
crustacean wastes as a raw material for chitin production, and since krill
processing waste was determined to be composed of about 24% chitin compared
to 3.2% in whole krill, the institute, in conjunction with the University
of Chile, has undertaken a research program directed toward an evaluation
of the krill processing waste as a source of chitin and chitosan.

The initial experiments described in this paper deal with the
development of laboratory-scale procedures for treatment of the waste
that reguire a minimum investment in time and chemicals and utilize the
mildest conditions possible to produce a chitin of reproducible compositian.
The general properties of krill chitin and commercial crab chitin were
determined and compared.

Krill processing waste, when treated using the optimum conditions
established in our initial experiments, unfortunately yields a highly
colored product. In fact, no conditiens could be found employing only
acid and base treatments at reasonable concentrations that would remove
the color, unless the eyes of the krill were first removed, which proved
impractical. Consequently, additional studies were conducted to determine
the nature of the colored substances.

A final study discussed here compares several properties of krill
and commercial crab chitosan prepared by the method of Broussignac (1) in
terms of color, nitrogen content, infrared spactrum, yield, density and bulk
density, as well as the viscosities of 1% solutions of the chitosans in
5% acetic acid.

EXPERIMENTAL

whole krill, processing waste, intermediate products of processing,
and chitin were all analyzad for 1ipids, ash, moisture and crude fiber
according to standard methods of the ADAC. The crude-fiber content of all
products was used as an estimate of chitin content with the true value
possibly being greater by a few percent of the determined vajue. A standard
macro-Kjeldahl procedure was used to determine the nitrogen content of all
samples described above in addition to chitosan samples. In the case of
chitin samples the value obtained for nitrogen was also used as an estimate
of chitin purity.
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Approximate densities of chitin samples were determined on 2 g of sawple,
using a solvent displacement method utilizing toluene. Estimated values for
the bulk densities of chitin and chitosan powders from both krill and crab
were determined by grinding samples of the above under the same conditions to
pass through 100 mesh and placing exactly 1.00 g in a tapered, graduated 10
ml centrifuge tube. The volume cccupied by the powders was then measured
after vitrating for exactly 1 minute.

Viscosities of 1% solutions of chitosan in 5% acetic acid were
determined using a Brookfield L¥-Series Viscameter and infrared spectra
of both chitin and chitesan samples determined as KBr pellets using a Lleitz
G 111 instrument. Results of all analyses are reported on a dry basis,
unless otherwise specified.

Isolation of krill chitin

E. superba caught during the months of July and August, 1976, were
stored at -56° C until processed. The krill processing waste was ocbtained
by first removing the tails of a large batch of whole kril1l by mechanical
peeling and then extracting the separated, non-tail material after grinding
in a colloidal mi1l, at pH 10.5 with sodium hydroxide solution to remove
protein according to a procedure developed in our laboratory {6). The
processing waste was separated from the protein sclution by continuous
centrifugation, and excess moisture was removed from the waste by pressing.
A proximate analysis was then performed,

Krill chitin was obtained by deproteinizing the processing waste
with dilute sodium hydroxide solution followed by demineralization
with dilute hydrochleric acid solution in a manner similar to cther methods
reported in the past (4). Optimum conditions for purification were
established which utilized a minimum of reagents and reaction times and
relatively mild conditions. A series of experiments were conducted in
which the purification parameters were varied and the nitrogen, ash, fiber
and 1ipid contents analyzed in the resulting chitins. The conditions
gave the best value for nitrogen content, highest value for crude fiber
and the lowest values for 11pid and ash content were considered optimum.

Conditions established to be optimum for deprcteinization involved
adding enough water and solid sodium hydroxide to the wet processing
waste to bring the sodium hydroxide concentration to 3.5% and the
solids-to-solvent ratio to 1:10 and heating for 2 hours at 30-85° C
with stirring. After deproteinization, the reaction mixture was cooled
and Filtered through nyion mesh (pere diameter 73um ) and washed to
neutrality with a large volume of water. Fifty percent of this material
was freed of excess moisture and stored at -56° ¢ for future use.

Optimum demineralization was conducted by stirring the remaining
50% of the residue from above, also freed of excess moisture by pressing,
for 2 hours at room temperature with encugh added 1 N hydrochloric acid
colution to attain a final concentration of 0.6 N and a solids-to-salvent
vatio of 1:22. Following demineralization, the product was filtered with
the aid of the nylon mesh, washed to neutrality with water, pressed free
of excess moisture and 50% of this product stored at -56° C for future use.
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The remzinder was air dried for 48 hours and ground to pass 60 mesh, yielding &
highly colored chitin. The chitin was subjected to analysis according to
previously discussed procedures.

Preparation of chitosans

Eight grams each of all chitin samples {ground to 60 mesh) were treated
with 53.5 g of KOH dissolved in a salution compcsed of 48.5 ml of 95% ethanol
and 34.5 m1 of ethylene glycol at reflux temperature for precisely 20 hours
(1). The hot mixture was diluted by the addition of 200 m1 of water and the
chitosan isolated by suction filtration followed by washing with water to
nestrality. Air drying followed by pulverizing to pass 60 mesh yielded the
final product. Triplicate samples of both krill chitin and commercial crah
chitin (Sigma Chemical Company) were so converted in order to ascertain the
amount of variation to be expected in the yield and nitrogen content of the
chitasan samples. The samples were analyzed by procedures described earlier.

Characterization of krill pigments

A sample of the dried, colored chitin was exhaustively extracted with
acid-free chloroform followed by athyl ether and finally absolute alcohel.
The chitin remained highly colored, and the only 1ipid soluble pigments
present in the sample were extracted by the chloroform, Concentratien
of the chlaroform extract in vacuo followed by three multiple elutions
on thin layers of Silica GeT G, using 0.3% ethyl ether in hexane resulted
in the tentative identification of astaxanthin {in almost undetectable
quantity}, astacin and presumably a series of unidentified fatty acid
esters of astaxanthin.

The exhaustively extracted colored sample of chitin was then incubated
with an excess of NOVA bacterial proteinase for 120 hours at pH 6.5 and a
temperature of 55° C. A control experiment was also conducted under the
same conditions, but without the enzyme present. Extraction of the
enzyme-treated mixture with chloroform resulted in the removal of a
considerable amount of color. The chloroform-soluble pigment could not
be characterized, but was similar in its chromategraphic properties to
astacin. In the control experiment no chloreform-soiuble pigment was
extracted.

RESULTS AND DISCUSSION

A proximate analysis of whole krill (E. superba} and the prcessing
waste obtained after mechanical peeling and protein extraction of the
non-tatl material is shown in Table 1.

It must be pointed out that the values in this table are subject to
seasonal variation (6); they alsc vary somewhat from batch to batch, with
the 1ipid content exhibiting the greatest batch variation. The protein
content was calculated by correcting the nitrogen value for chitin
nitrogen and multiplying by 5.25.
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Table 1. A Comparison of Proximate Values
for Whole Krill and Processing Waste

Sample N(%) chitin{%)* Lipids(%} Ash{(%) Protein(%}
Wihole

krill 12.56 3.2 16.5 1.5 76
Processing

waste 8.63  24.0 1.6 23.0 41

4+
Determined as c¢rude fiber

Table 1 demonstrates that the percent chitin in whele krill is low,
representing only 3.2% of the dry weight of the animal. On the cther hand,
approximately one-fourth the weight of the processing waste is compesed of
chitin, and since this waste is obtainad as a by-product of protein producticn
employing simple, rapid and cheap methodelegies, the prospects of using it
as a source of chitin appear excellent.

The entire processing scheme for the production of krill chitin
starting from whole krill is outlined in Figure 1. This scheme presents
a summary of the conditions employed and gives the yields of each individual
step of the process. The values for the yields are the average obtained
for three separate runs on the same hatch of whole krill.

The first two steps of the process produce 14.9% processing waste.
Deprotefnization removes 33.2% of the total weight of the processing waste
as protein and lipids. A large portion of the protein material, incidently,
can be recovered by iscelectric precipitation; the food value of the
recovered protein, however, remains to be determined. In addition, during
the deproteinization step a considerable quantity of ammonia is evolved
which can be quantitatively recovered by adsorption into acid. 0f the
46.8% deproteinized material remaining, demineralization yields 50.7%
chitin and 49.3% minerals plus a small amount of pretein and degraded
protein material.

when the yield of chitin is calculated based upon whole krill, taking
into consideration the purity of the final product (discussed below), a value
of 2.8% is obtained (compared to 3.2% theoretfcal), resulting in an overall
recovery of £9%. Based upon processing waste as starting material, a
recovery of 93% is realized. These values represent maximum values as
shown in Table 2.

An analysis of the three chitins obtained from the individual runs in
addition to recovery values is shown in Table 2. If the chitin content
in Table 2 is calculated based on a value of 6.8%% nitrogen for pure
chitin {a simplified assumption), the average ¢hitin content of the samples
is calculated to be 94.7%. If the calculation relies upon the data from
crude-fiber analysis, the average purity is calculated to be 92%. The
true value presumably lies somewhere in this region.
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Table 2. Comparison of Analytical Data CObtained for Chitins
Produced in Three Separate Runs of the Same Batch
of Whole Keill

L. * i % ke
Sample N(%)} Chitin{%) Chitin{%) Lipids{%) Ash(%] Recovery(%)

1 6.58 85.5 92 4.8 0.4 93
2 6.50 54.3 94 5.5 0.5 93
3 6.51 94.5 a0 5.4 0.3 93
Mean 6,53 94.7 9z 5.1 0.4 93

*
Based on a value of 6.89% nitrogen for pure chitin

ke
Based on crude-fiber analysis
Ak . i i
Based on processing waste; maximum yvalues calculated using the numbers

in celumn three.

The dried, ground, extremely pink-colored krill chitin is similar in many
respects to ground commercial crab chitin obtained from Sigma Chemical Company.
Commercial chitin, which is an offwhite color, however, was determined to
contain 7.18% nitrogen in comparison to an average of 6.53% nitrogen in
krill chitin, while the ash content was found to be 2.3%, and the lipid
content negligible.

The major bands occurring in the infrared spectra of krill chitin,
commercial crab chitin (Sigma Chemical Company) and those reported in the
Titerature by Falk et al. [2) are identical except that the bands occurring
in the spectrum of krill chitin are better resolved than the bands occurring
in the spectrum of the commercial chitin, This is presumably due to the
presence of contaminating protein in the commercial sample, since it was
shown to contain more nitrogen than the theoretical value for pure chitin
{7.18% compared to 6.89% theoretical) and the fact that the commercial
sample possessed about six times the ash content of krill chitin. Ne
conclusion concerning the resolution of Falk's spectrum in comparisen to
ours can be drawn, since he utilized an instrument of lower resolution than
we did to obtain his spectrum,

Aside from color, the sole distinguishing feature between krill and crab
chitin that we have discovered to date is the difference in the values for
their bulk densities. Krill chitin demonstrates a bulk density (100 mesh
powder) of 0.11 g m1-1, while commercial chitin of the same particle
diameter gives a value of 0.29 g ml-1. Thus, krill chitin occupies 2.6
times more volume than the same weight of crab chitin with the same average
particle diameter, while th? densities of the two are approximately the
same and equal to 1.4 gml™t. The overall structure of krill chitin must
certainly be much more porous than that of c¢rab chitin, judging from these
values.
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In the case of the chitosans produced from krill and crab chitins
under identical conditions by Broussignac's method (1), a similar situ?tion
exists. That is, ki1l chitosan exhibits a bulk density of 0.18 g m1~
compared to 0.42 g m1~| for crab chitosan, while their densities are
approximately equal, demonstrating that the former occupies 2.3 times the
volume of the same weight of the Tatter.

Absolutely no differences exist, however, in the infra-red spectra
of the two chitosans, and they are identical, within the Timits of
experimental error, to a spectrum obtained by Muzzarelli (5) of crab
chitosan.

Table 3 shows the nitrcgen-content yields corrected for degree of
deacetylation, viscosities of 1% solutions in 5% acetic acid, and colors
for triplicate samples each of krill and crab chitosans prepared by
Broussignac's method. The average content of the krill chitosan samples
is shown to be 7.88% nitrogen, while it is 7.80% for the crab chitosan
samples prepared under identical conditions, indicating a slightly greater
degree of deacetylation in the former sample, This small difference might
be attributable to the difference in porosities between the krill and
crab products but at this stage of research this can only be conjecture.

A comparison of the average viscosities for kri1l and crab chitosan
solutions in acetic acid in Table 3 shows that tha values are similar,
but that the value for krill chitosan is lower by 7 cps (67 c¢ps for crab
chitosan compared to 60 cps for krill chitosan). The difference in the
viscosities may or may not be significant. The Tower viscosity for the
krill chitesan solution is, however, in accord with the higher nitrogen
content of the chitosan (1).

Table 3. Comparison of Analyticel Data Obtained for Chitesans
{From triplicate conversions of 8 g each of krill and crab chitin samples)

Sanple Nitrogen(%)* Yield(3)** Viscosity(cps)™™ ™ Color
Crab chitosan 7.78 6l 70 white
Crab chitosan 7.80 64 64 white
Crab chitosan 7.81 63 57 white
Mean 7.80 62 &7 -
Krill chitosan 7.84 90 57 tan
Krill chitosan 7.87 89 &2 tan
Krill chitosan 7.92 91 61 tan
Mean 7.88 a0 60 —-

*
Corrected for ash content
**
Corrected for degree of deacetylation
*xA
1% solution in 5% acetic acid
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Certainly the most striking feature of Table 3 is the large difference
between the mean yields of chitosan obtained from krill and from crab chitins.
Krill chitosan is obtained in an average yield of 90%, while crab chitosan
is produced in only 60% yield. At the present time the authors have no
explanation for this difference. One possible explanation is that the
process utilized by Sigma Chemical Company to prepare their chitin involves
a bleaching step. We have determined that in most cases chitin treated
with bleaching agents yields less chitosan than does chitin that is
untreated f{unpublished results).

A second major difference between the crab and krill chitosans shown
in Table 3 is that the krill chitosan is tan in color as compared to the
white crab chitosan. It was suspected that the tan color in the krill
chitosan was produced by the degradation of pigments present in the krill
chitin during the deacetylation step. The structures of some of the
krill chitin pigments, therefore, were established using the methods
described earlier. Two types of pigment were found to be present. The
first type was shown to consist of 1ipophylic carotenoid pigments tentatively
identified as astaxanthin, astacin and a series of fatty acid esters of
astaxanthin shown below.

0

SN i N g

Astaxanthin, B = CH
Astaein, R = =0

Astaxanthin fatty acid eaters, R = RTCO0

These pigments occur in guantities that are otherwise insignificant, but
that are sufficient to contribute a small amount of color to the chitin.
The possibility was considered that the second type of pigment. which was
non-1lipephylic and the major pigment contaminating krill chitin, might be
a protein conplex of astaxanthin, since it is cne of the few carotenoid
pigments known to form organic solvent-insoluble protein complexes {3).
Dur suspicions concerning the protein nature of the pigment were confirmed
when it was shown that the pigment was attacked by a proteclytic enzyme,
releasing a lipophylic carotenoid whose fdentity remains undetermined.

The source of the protein-carotenoid complex was shown to be the eyes
of the krill, since krill chitin manufactured from krill whose eyes had
been carefully removed by hand, was practically pure white, and the
chitosan produced from that material was pure white.
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CONCLUSTONS

It was demonstrated that the processing waste obtained from whole
Antarctic krill after tail removal by mechanical means and extraction of
protein from the non-tail material remaining, utilizing mild conditicns,
contains significant quantities of chitin {2d%). Since this waste is obtained
as a by-product of protein production employing simple, rapid and cheap
methedologies, the prospects of using it as a source of chitin appear
excellent.

Chitin from the krill processing waste can be obtained in 93% yield
by a method discussed in this paper, and, except that it is highly colored
by carotenoid pigments and much more porous than commercially produced
crab chitin, it appears very similar to the latter in its properties.

Chitosan is obtained from krill chitin by the method of Broussignac
{1) in excellent yields {90%), while commercially produced crab chitin is
converted to the extent of only 60%--a significant difference. Again,
with the excepticns noted of color and greater porosity, the two chitosans
appear similar in their proparties.
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parenthesis represent the average of three runs.
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G. G. Allan, J. R. Fox and N. Kong

Department of Chemical Engineering and
College of Forest Resources AR-10
University of Washington
Seattle, Washington 98195

ABSTRACT

To provide a basis for the expansion of the use of chitin and chitosan,
a critical survey of pessible sources was undertaken. Attention was
focused on chitin- and chitosan-yielding Crustacea, Insecta, Mollusca
and Thallophyta, which could either be harvested from the natural
environment, artificially cultured or derived from existing waste
streams.

It is concluded that in the immediate future the principal source
of chitin and chitosan will remain shrimp and crab waste. Cultured
fungi capable of synthesizing chitin alone or in association with
chitosan will probably assume the major supply role thereafter, although
the rearing of insects as a chitin source cannot be uneguivocally ruled
out. In the longer term, Antarctic krill or Californian red crab may
become important supplemental chitin sources, but abundant ¢lam and
oyster shells will probably never be processed for the polymer except as
part of an acid-absorption system. Squid and diatoms can only be
regarded as sources of small quantities of high-quality chitin.

INTRODUCTION

Chitin and chitosan prepared from crab and shrimp shells are now
commercial products both in the United States and overseas (38). The
current marketing strategy for these marine polymers seems to be focused
on the development of high-profit—low-volume uses exemplified by
pharmaceuticals, glucosamine preduction, water-purification aids and
chromatographic media (43). These markets can all support the current
relatively high cost of $4.40-11/kg (from Food, Chemical, and Research
iaboratories, Seattle) of the nitrogenecus polysaccharides. Moreover,
if this marketing philosophy is maintained, the present potential worlid
supply [Table 1) of chitin from shelifish wastes will probably be adequate
for the foreseeable future. In this event, the continuing contribution
of the U.S. National Sea Grant Program in catalyzing the commercial
utilization af a fishery waste will have been noteworthy (5). However,
these spinoff benefits to the nation of the Sea Grant Program could be
multiplied many times over if chitin and chitosan could be made available
at a cost that would facilitate penetration of large-volume markets.
Among the several possibilities in the areas of nonwovens (18), fibers
(17}, fitms (28}, textile sizes (27), tobacco substitutes (6) and
adhesives (19}, the greatest volume opportunity, perhaps, lies in the
utilization of chitosan as a paper additive (7}. In this application the

* Part 8 in the serfes "Marine Polymers" (1)
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cationicity of this chitin derivative can improve both pulp drainage and
fiber retention during sheet formation as well as the printability and
wet and dry strengths of the fipished paper (1). However, an optimistic
estimate of the potential worldwide chitin production capacity based on
shellfish wastes would amount to only 39,000 tons per year. In contrast,
the 1976 world production of newsprint alene was 27,610,000 tons, and
other types of paper made up an additional 47,613,000 tons (20}, more
than a thousand times this quantity. Clearly, considering paper alone,
there is a gross imbalance between the supply and demand for chitosan,
pven at the 1% addition level. As a prelude to remedying this imbalance,
a critical survey of all possible sources of chitin and chitosan was
undertaken with a focus on representative chitinaceous organisms from
Crustacea, Insecta, Mollusca, or Thallophyta genera which either could

be derived from existing waste streams, harvested from the natural
environment or artificially cultured.

CRUSTACEA

Within this genera, because of their apparent abundance, shellfish
wastes have historically been the choice for commercial preduction of
chitin and chitosan. Typically, the total wastes generated by shellfish
processing fluctuate around 65 to 85% of the Janded weight, depending
upon the species processed and whether hand or mechanical cleaning is
employed {37). OF this total waste only about 60% are recoverable selids.
1ts precise composition again is dependent upon both the species processed
and the methods of manipulation., Representative analyses usually report
(Taple 2) values for chitin (14-35%), protein/fat {25-50%), and ash
{25-50%). Thus, a simplified general dry-weight composition for the
solid waste associated with shel1fish precessing can be reasonably taken
as chitin (25%), protein/fat (25%), ash (50%), for the purposes of
estimating the total availability ef chitin and chitosan from shellfish
wastes. However, it is practically impossible, especially on a worldwide
basis, to determine the actual amount of shellfish processed in relation
to the quantity discarded at sea or sold whole after landing. For these
reasons, the conservative estimate can be made that 50% of the shellfish
landings could be available for chitin or chitosan production. On this
basis, the present annual world shellfish-waste availability is about
468,000 tons.

With the maintenance of current fishery practices, this quantity cannot
be expected to increase significantly in the future. Indeed, world
production of seafpod is forecast to increase only about 8% over the next
decade {2) and could quite possibly decline in many locales (41). For
example, member nations of the International Commission for the Northwest
Atlantic Fisheries have agreed to reduce the overall catch of all
marine oranisms by about 25% for a saven-year period in order to promote
the recovery of this fishing area. This reduction will amount to about
200,000 tons per year.

Nonetheless, although the fishery resource is not increasing, 2
better utilization of what s harvested could augment the supply of chitin
and chitosan. Specifically, it is common practice to behead and devein
shrimp at sea and to dump the waste overboard. The materfal discharged



67

amounts to about 40% of the shrimp weight caught. In addition, the dis-
carded heads contain significantly more chitin than the beheaded body {5).
Thus, in the Gulf states of the United States alone, the collection of
this dumped material could effectively double the national supply of
chitin from shellfish waste.

On the ather hand, the reliability of natural shellfish catches is
not great for a variety of reasons, and the noncontinuous fishing
seasons (6 months for king crab and 8 months for shrimp per year) are
not conducive to the maintenance of a steady supply of raw material for
chitin manufacture. Both of these factors are strong negatives from
the point of view of a chemical manufacturer. Aquacuiture theoretically
could, of course, produce a nearly unlimited supply of shellfish, and hence
raw material, for chitin manufacture. Shrimp culture is already well
established in Japan and is under active investigation on the south-
eastern coast of the United States {14). However, this production of
a luxury food item does not seem likely to provide important amounts of
chitin-yielding wastes in the near future, The situation with ather
crustaceans such ags crab and Tobster is even less promising because
these will probably be sold in their entirety.

ZOOPLAKKTON

While the well-known shellfish do not offer any immediate prospect
for increasing the supply of chitin, zooplankten may constitute a
viable alternative source. These oceanic organisms are Tower on the
aquatic chain than shrimp, crab an¢ lobster and are estimated %o
account for the annual biosynthesis of more than one billion tons of
chitin (51). Henetheless, it is important to appreciate that in spite
of their immense number, the small size and low local concentration in the
cceans make it generally uneconomic to harvest zooplankton using
existing technology. This conclusion may not be valid for Antarctic
krill (Euphausia superba} or red crab (Pleuroncodes plenipes) which,
during certain times in their 1ife cycles, congregate in huge fishable
Tocal concentrations. Both of these organisms are of particular interest
as chitin raw material sources because of the compositional similarity
to the crustaceans shown in Table 2. Thus, it is estimated that the annual
sustainable harvest of Antarctic krill, a reddish shrimp-Tike creature
40 to 70 mm in length, could reach over 18 million tons in the vast region
of upwelling between the Antarctic and tropical oceanic currents called
the "Antarctic convergence" (23). Both the Russians and the Japanese
have carried out a considerable amount of research on krill {2} and have
begun commercial harvesting to a limited extent. The Japanese are
reported {24} to have collected over 4,000 tons per year betwaen 1970 and
1974.

The primary step in the processing of the krill is to express
the body fluids to obtain the soluble proteins, which are subsequently
coagulated to a shrimp-1ike paste. The expressed residue comprises
about 40% of the catch.
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Since the chitin content of the expressed residue is low in comparison
with crustacean wastes {Table 2) the amount of material handled per unit
of product chitin would be increased approximately fourfold. However,
the total yield of chitin could be as much as 56,000 tons. [n spite of
the apparent attractiveness of the volume of this source, the considerable
practical difficulties associated with its collection should not be
underestimated. These include the extreme remoteness of the fishery,
adverse weather, and a short fishing season. It should also be emphasized
that the primary product from the harvest of krill will be protein, and
this must be saleable as such on the world market. For all of these
reasons, even though the supply of chitin from krill could be very ltarge,
this source could not be sericusly counted upon for at least several

years.

Table 2. Characteristic Compositions ¢f Chitinaceous Wastes
Dry-Weight Composition

Origin Inorganic Protein/Fats Chitin

of Waste {percent) (percent) ({percent) References
Shellfish 25-50 25-50 14-35 {37}
Krill 24 6l 7 {31}
Clams/Qysters 85-90 negiigible 3-6 (30}
Squid negligible  76-95 1-2 {3, 11, 30)
Fungi negligible  25-50 10-25 (12, 48, 16)
Insects negligible 60-80 0-8 (45, 46, 49,

52)

Many of these difficuities are not so serious when the harvest of red
crab is considered. This particular zooplankton is small in size and
inhabits the temperate coastal waters of Chile, Mexico and Southern
California. Using conventional shrimp gear, Chile apparently landed
over 10,000 tons in 1964, but data on the current annual production are
not now being published {34). Longhurst, however, has estimated that
the anpnual red-crab catch in Mexican and Southern Californian coastal
waters could be increased to as much as 27,300 tons. Using the assumpticn
that this material is 80% water and that the associated solid contains 9%
chitin (47) the potential yield of chitin could be 490 tons per year.

This would certainly constitute a significant addition to the North
American chitin supply. OFf course, red crab can be eaten whole (34} or
used in its entirety in commercial aquaculture as a fish-food supplement
for flesh pigmentation (47). Under these circumstances, the waste
necessary for chitin and chitosan production is eliminated, Thus,

like krill, red crab cannot be confidently regarded as a viable chitin
source at this time.
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Clam and oyster shells

More certain marine sources of chitin are provided by clam and oyster
shells, which contain significant quantities of the desired polymer.
On a worldwide basis the sea yielded an average of 1,390,000 tons of
unprocessed clams and oysters annually during the period 1970-1974
{24). Since about 65% of the whole clam and 85% of the whole oyster
(8} consists of shell, these landings could in principle yield 1,043,000
tons of stable chitinaceous raw material.

While the presence of chitin in these shells is qualitatively well
documented (44), gquantitative data on the amount present is notably
missing in the literature. In the laboratory of the authors, local
clam and oyster shells were found to contain 6 and 4% of chitin and 90
and 85% of ash respectively (30).

Certainly all clam and oyster shells could not be retrieved for
chitin processing, but currently about 190,000 tons are sold annually in
the United States alone at about 1¢/1b (40}. Current uses include
01l liming (54), animal-feed additives (35) and road building {(50}.
These applications demonstrate the relative stability of this chitin
source, which could tharefore serve to even out the fluctuations
associated with the harvesting of some of the other marine organisms.
Clearly, however, these shells could not be directly substituted
for crustacean waste in a chemical plant, since the additional inorganic
material represents a formidable pracessing challenge. This difficulty
has allegedly bzen overcome in Japan {42) by decaicification of oyster
shells with acetic acid. The chitin is recovered by filtration, and the
acetic acid is regenarated for recycling by treatment of the filtrate
with sulfur dioxide from waste-gas streams. The large quantities of
acide which have to be handled per unit of weight of chitin suggest that
this shell treatment process could only be economically attractive as an
adjunct to a management problem involving acidic pollutants. The total
annual potential availability of chitin from ctam and oyster shells
might then total 22,000 tons.

Squid skeletons

In contrast to the bivalve shells, which constitute the most
contaminated source of chitin, the backbone or pen of squid is among
the purer forms. This skeletal tissue accounts for about 1% of the whole
body weight in the case of squid and can relatively easily be separated
from the carcass. The pen on & dry basis contains about 30% chitin {30}
which is free of calcium salts. The customary acid demineralization step,
which can degolymerize chitin rapidly, can therefore be eliminated from
the isolation scheme.

At this time current world landings of squid are about 660,000
tons annually. This would correspond only to a source of approximately
625 tons of chitin per year {Table 1). Squid, however, is not
extensively consumed in Western countries, and the catch could be greatly
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increased if a gastronomic demand could be created {3), Thus, Yoss
has estimated [53) that the continental-shelf regions of the world
could yield a catch of 7.4 million tons of squid per year. This, in
turn, would correspond to & source of about 7,000 tons of chitin.

In addition, the estimated potential for oceanic squid landings,

based on sperm-whale populations, range from 90 to 450 miilion tons.
These huge guantities of squid would assuredly provide a substantial
contributicn to the supply of chitin, but, as in the krill situation,
the primary product of this fishery would be protein, which again must
be saleable in its own right.

INSECTA

Another potentially large source of chitin with associated protein
js provided by insects, since most have 2 chitinaceous exoskeleton
(Table 3). This is advantageousiy free of calcium carbonate, which
means that the isolation of insect chitin appears only to involve
simple alkaline extractions for protein removal (62)., However, very
few species of insects carry more than 10% of their weight in chitin.
Moreaver, even including the commercially grown silkworm, Bombyx
mori (55}, no significant guantities of insect wastes are available.
Nanetheless, the mass rearing of insects has been tried in several cases.

Table 3. Whole Body Composition of Some Common Insects (28)

Comppsition of Body Solids

Body Selids Cuticle Chitin
Insect Species (percent) (percent) {percent}
Blatta orientalis
{Flour beetle] 2.8 15.5 4.9
Tribolium confusum
{Yellow nealworm) 55.5 1.7 2.7
Phormia regina 1.3 13.3 6 5
{Blowfly) . . )
Tenebrio molitor
[Wax_moth 34.2 - 7.0

For example, the production of fly larvae for animal feed was studied by the
1.5, Dept. of Agriculture (USDA) using animal manure as the growth medium
(38). It was found thal the manure from a chicken ranch with 100,000

birds ¢ould support the daily production of 250-500 kg of fliy larvae.

Even so, the concept had to be abandoned because of the low yields and

high production costs. tconcmical mass insect raising is, however, stil
continuing in the screwfly sterilization programs, also under the aegis

of the USDA. In this endeavor more than 12 tons of flies are grown weekly

at a single location, using manure and sawdust as the support media {49).
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Of course, in this situation, it must be remembered, the flies are being
produced as a high-value biclogical control device. Despite the
existence of these examples, proposals to rear cockroaches (49) or water
beetles on sewage lagoon algae (9) as a source of chitin always seem to
engender flippant responses. Setting aside witticisms, the main drawbacks
to cufturing fnsects seem to be primarily psychological, coupled with

a handling problem., The trapping of natural concentrations of insects,
such as Jocusts, as a source of chitin is considered by the authors

to be impractical. Even though locust swarms may contain as many as

400 billion individual insects (48}, their freguency of occurrence and
location would necessitate a collection and transportation system of
extreme size and complexity, not to mention the decay problem

associated with the protein content of the dead insects.

THALLOPHYTA

Marine diatoms

The constant intrusion of the question of massive protein market-
ability into chitin manufacture can be minimized to some extent by
focusing on two marine diatoms, Cyclotella cryptica and Thalassiosira
fluvjatilis. The extracellular fibers of these organisms constitute the
only recognized source of pure, unassociated chitin found in nature (32).
The fibers make up 10 to 15% of the dry weight of the diatoms and can
be mechanically separated from the parent cells in 80% or greater yield
by sequential application of a shear force, differential centrifugation
and ultrafiltration (Table 4). These facts suggested that in artificial
monoculture these marine diatoms could possibly be a source of very pure
chitin, Unfortunately, in both batch and continuous culture, C. cryptica
proved to be relatively slow qrowing and produced iow-density cultures
even though the growth was more abundant than that observed with
T. fluviatilis. Thus, the maximum cell concentration reached in the
continuous culture equipment with C. cryptica was approximately 250 mg/Titer.
This quantity of cells would yield only 20 mg/liter of chitin: that is,
50,000 liters of culture would have to be processed to isclate 1000 g of
algal chitin, Moreover, the prospects of increasing this yield
significantly are dim because the cell concentration values fall within
the range normally observed in many other autotrophic wass algal culture
experiments. Therefore, barring a major engineering breakthrough in
algae culture, algae can only be considered as a viable source of chitin
in high-profit, low-volume situations where a high-quality product is
mandatory.

Chitinacecus filametous fungi

The apparent limitations of controlled culture largely disappear
when the organism to be grown is a fungus rather than an alga. That
such culture is practical is attested to by the large-volume
commercial production of citric acid and of antibiotics. The
estimated volume of waste mycelia annually generated in the world is now
about /983,000 tons.
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Table 4. Comparison of Batch Cultures® of Cyclotella cryptica
and Thalassiosira fluviatilis

Cyclotella Thalassiosira

cryptica fluviatilis
Yield of diatoms 160 mg/1 143 ng/1
Chitin content of diatoms 15.2% 10.8%
Fiber yield from diatoms 13.0% 10.0%
Fiber collection efficiency 85.5% 92.5%
Chitin yield from culture 20.8 mg/1 14.3 myg/1

dperated and qrown for nine days.

This constant flow of waste contains about 15-30% (Table 2} by weight
of chitin, with the precise level being dependent upen the fungal species
as well as culture age and growth conditions. Processing waste mycelia for
fungal chitin does not pose any unique difficulties, although it has
been reported that the chitin is chemically bonded to an alkali-resistant
glucan, possibly crosslinked or branched {9). The coenventicnal isolation
procedures would, therefore, yield a mixture of the chitin plus glucan.

For many of the possible applications of chitin such a mixture coulid be
perfectly usable. In limited testing, for example, fungal chitosan from
Aspergillus niger performed comparably to crab-derived chitosan as a
strength additive for paper made from an unbeaten sulfite pulp (30).

Furthermore, it is not a sine gua nen that fungal chitin be
produced only as a fortuitous by-product of the manufacture of some exotic
mold metabolite. Filamentous fungi could be grown directly on any of a
number of substrates. In Finland, the sugars in pulp-mill spent sulfite
liquors are already being utilized to generate a fibrous fungal animal
feed {25). This type of operation could afford an cptimized reliable
source of chitin which would be largely free of the troublesome ties to
large-scale protein marketing.

Chitosanacegus fungi

Although the production of chitin from fungi has many attractive
features for many applications, it is probably really deazcetylated chitin
that offers the greatest pclymer marketing opportunity {5). This
deacetylation reaction, which converts chitin to chitesan, is difficult
and costly to carry out from a chemical engineering standpoint, since it
involves the use of concentrated alkali at an elevated temperature for
extended periods of time. Clearly, the avoidance of this deacetylation
step would be desirable and could lead to 2 lower cost chitosan able to
penetrate more markets. This goal may be directly attainable by the
culture of fungi that yield chitosan. Quite a variety of such chitosanacecus
organisms are members of the order Mucorales, many of which are common
saprophytic soil fungi {Table 5). The chitosan is Tocated within the cell
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wall of the organisms, where 1t apparently acts as an acid-extractable
{32} interchitin fiber cement replacing the polymeric glucans found in
other fungal orders. Thus these fungi can act as & source of both chitin
and chitosan. Among the several candidates for detailed investigation,
Mucor rouxii and Pycemyces blakesleeanus have been found {Table 5} to
contain significant quantities of chitosan, and, as such, constitute

an attractive direct source of chitin's most important derivative.

CONCLUSIONS

This evaluation of new potential sources of chitin and chitosan
discloses that, while there are two promising prospects in nature for
the large-scale supply of chitin represented by Califernian red crab
and Antarctic krill, these will not likely be brought to reality within
the next decade. In contrast, the processing of clam or oyster shells
for their chitin content will probably never be implemented because
of the cost of demineralization. Squid, likewise, will not become a
major source of chitin until the eating habits of the Western world
change substantially. Insect-based factories for chitin manufacture
are zlso only 1ikely to be given adeguate consideration when the humor
value of such proposals has become pass€. On the other hand, a technical
engineering breakthrough will be needed before the culture of chitin-
yielding diatoms can go forward on a substantial scale. This is not
the case for the culture of fungi, where the knowledge and technology
needed to move speedily ahead to produce either chitin or chitosan
are already available.

ACKNOWLEDGMENTS

The research reported in this publication was supperied by the
Washington Sea Grant Program funded, under Grant no. 04-7-158-4%021,
by the National Oceanic and Atmospheric Administration of the U.S.
Department of Commerce.

REFERENCES

1. ALLAN, G.G., J.R. FOX, G.D. CROSBY and K.¥. SARKANEN. 1977. In:
Fibre-Vater Interactions in Paper-Making. Sixth Fundamental
Research Symposium, Technical Division of the British Paper
and Board Industry Federation. William Clowe, London.

2. ALVERSON, D.L. 1975, Opportunities to increase food production
from the world gceans. Mar. Technol. Soc. J. 9(5):33.

3. AMPOLA, V.G. 1974, Squid--its potential and status as a U.S5.
food resource, Mar. Fish Rev. 36(12):28.

4. ARONSON, J.M., and L. MACKLIS. 1959, The chemical cemposition
of the hyphal walls of the fungus Allomyces. Am, J. Bot.
46(4):292.



13,

14,

15.

16.

17.

18.

19.

75

ASHFORD, N.A., D. HATTIS and A.E. MURRAY. 1977. Industrial
Prospects for Chitin and Protein from Shellfish Wastes, pp.
1, 28, 31, 33, 59. Report No. MITSG 77-3. M.I.T., Cambridge,
Mass.

AUSTIN, P.R. 1976, Chitin as an extender and filter for tobaccoe.
U.s. Patent 3,987,802,

BARANOVA, Y. N., E.A. PLISKO and L.A. NUD'GA. 1976. Modified
chitosan used in paper production. Bumazh. Prom. 7:3; Chem.
Ab. BS5:110376.

BARDACH. J.E., J.H. RYTHER and W.0. MCLARNEY. 1972. Aquaculture:
The Farming and Husbandry of Freshwater and Marine Organisms,
pp. 706, 794, John Wiley, New York.

BARTHICKI-GARCIA, 5. 1968. Cell-wall chemistry morphogenesis
and taxonomy of fungi. Ann. Rev. Microbiol. 22(7):87.

BARTNICKI-GARCIA, S., and W.J. NICKERSON. 1962. Biochim. Biophys.
Acta 58:102.

BERK, Z., and E.R. PARISER. 1974. Processing Squid for Food,
pp. 16, 17, 38. Report No. MITSG 74-13, MIT Seat Grant Prao-
gram. M.I.T., Cambridge, Mass.

BLUMENTHAL, H.J., and S. ROSENMAN. 1957, J. Bacteriol. 74:222.
Quantitative estimation of chitin in fungi.

BRIMACOMBE, J.5., and J.M. WEBBER. 1964. Mucapolysaccharides,
p. 22. B.B.A. Library Series, vol. 6. Elsevier, Amsterdam.

BROWN, J.E. 1977. Shrimp mariculture research advances. Sea
Grant ‘70s 7(10):2,

BUECHER, E.J., and H.J. PHAFF. 1870. Cell-wall composition of
Saccharomycopsis schionning. Acta Fac. Med. Univ. Brun.
37:T865.

BURNETT, J.H. 1968, Fundamentals of Mycology, p. 22. 35t.
Martin's Press, New York.

CAPOZZA, R.C. 1976. Spinning and shaping poly-N-acetyl-D-
glucosamine, Y.S3. Patent 3,988,411,

Dabrowski, J. 1967. HNonwoven fabrics of resins-bonded regene-
rated cellulose. U.S. Patent 3,304,174,

DUPONT DE NEMOURS & CO., E.I. 1936, Adhesives. British Patent
458,818,



20,

21,

22.

23.

24.

25,

26.

27.

28.

29.

30.

3.

32.

33,

76

DYCK, AW.J. 1974. 1974 PIMA Catalog, Paper and Pulp Mill
Catalog and Engineering Handbook, p. 15%. Paper Industry
Management Association, Des Plaines, Il1.

EPA. 1976. Pharmaceutical Industry Hazardous Waste Generation,
Treatment and Disposal, pp. 49, 76. SW-508 Environmental
Protection Agency, Washington, D.C.

FALK, M., D.G. SMITH, J. MCLACHLAN, and A.G. MCINNES. 1966.
Studies of chitin (8-{1-4)-1inked Z-acetamido-2-deoxy-D-
glucan) fibers of diatom Thalassiosira fluviatilis Hustedt.
Can. J. Chem. 44:2269.

FAG. 1974, Report on Informal Consultation on Antarctic Krill,
p- 11. FAD Fisheries Report no. 153. FAQ, Rome.

FAQ. 1975, FAOQ Year Book of Fishery Statistics, Catches and
Landings. Vol. 38, B41-B56. FAD, Rome.

FORSS, K., and K. PASSINEN. 1976. Utilization of spent sulfite
T1igquor components in Pekilo protein process and influence of
the process upon environmental problems of a sulfite mill.
Paperi ja Puu 9:608.

HANG, Y.D., D.F, SPLITTSTQESSER and E.E. WOODAMS. 1975. Applied
Microbialogy 30(5):879.

HINTCN, E.H. 1870, Improving wet crease recovery in textiles.
Y.S. Patent 3,505,002 (April 7, 1970); Chem. Ab. 72:122864.

HISAYUKI, K.K, KANKI, K. SHINODA, T. NAKAGAWA, and M, KQIKE,
1976. Membrane for brine desalination, Japan Kokai 76 06,879.

KELLEK, W.R. 1953. Laboratory experiments on the role of
insects in sewage oxidation ponds. J. Econ. Entom. 46(6):
1041,

LONG, N. 1975, The feasibility study of new routes to the
marine polymers, chitin and chitosan. M,5. thesis, University
of Washington, Seattle.

KRYUCHKOYA, N.I, 1970, Use of krill for food protein, Rybn,
Khoz. 46{11):53.

LETOURNEAU, D.R., J.M. DEVEN and M.5. MANDCHA. 1976. Structure
and composition of the cell wall of Choanephora cucurbitarum.
Can. J. Microbiol. 22{4):486.

LOCKWOOD, L.B. 15974, Utilization of brewery spent-grain liquor
by Aspergillus niger. In: The Filamentous Fungi. Industrial
Mycology, vol. T, p. 145, Smith, J.E., and Berry, D.R. (eds.).
John Wiley, New York.




34.

35.

36.

37.

38,

39.

a0.

a1.

42.

43.

44,

45.

46,

77

LONGHURST. 1963. In: Proceedings of the World Scientific
Conference on the Biology and Culture of Shrimps and Prawns.
Mexico City, 1967. FAQ Fisheries Report no. 57, val. 2, p.
75. FAD, Rome.

MACINTYRE, T.M. and M.H. JENKINS. 1852. Clam shells, limestone
and oyster shells as a source of calcium in the rations of
laying hens. Sci. Agric. 32:645.

MASAAKI, Y. 1975. Chemical composition of the exoskeleton of
Antarctic krill. Bull. Tokai Reg. Fish. Res. Lab. 83:1.

MINDENHALL, ¥, 1971. Utilization and Disposal of Crab and
Shrimp Wastes, p. 2. Marine Advisory Bull. Ng. 2. Cooperative
Extension Service, University of Alaska.

MORGAN, N.O., C.C. CALVERT and D. MARTIN. 1972. 8iodegrading
Poultry Excreta with Housefly Larvae: The Concept and Equip-
ment, p. 1. ARS 33-136, USDA Agricultural Research Service,
Beltsville, Maryland.

MUZZARELLI, R.A.A, 1977. Chitin, p. 207. Pergamon Fress, New
York.

NMES. 1975. Industrial Fishery Products, Annual Summary 1674.
Current Fisheries Statistics No. 6702, p. 5. National Marine
Fisheries Service, Washington, D.C.

NMSE. 1076. Fisheries of the United States, 1975, p. 2. Current
Fishery Statistics No. 6300. MNational Marine Fisheries Ser-
vice, Washington, D.C.

OKAMOTO, H., H. KITANO, F. TANIMOTO, Y. ODA, and K. OMODA. 1973.
Preparation of calcium sulfite from Ostreidae shells and sulfur
dioxide containing waste gases. dJapan Kokai 73 21,687.

PARISER, E.R., and S. BOCK. 1972. Chitin and Chitin Derivatives:
An Annotated Bibliography of Selected Publications from 1965
through 1971, pp. 142-146. Report No. MITSG 73-2, MIT Sea
Grant Program. M.I.T., Cambridge, Mass,

PETERS, W. 1972, Occurrence of chitin in Mollusca. Comp.
Biochem. Physiol. 41B:547.

RICHARDS, A.G. 1947. The organization of arthropod cuticle: a
modified interpretation. Science 105:170.

RICHARDS, A.G. 1951. The Integument of Arthropods, p. 110, Uni-
versity of Minnesota Press, Minneapolis.



47,

43,

49,

50.

81,
52.

53.

54,

55,

78

SPINELLI, J., L. LEHMAN and D. WIEG. 1874. Utitization of red
crab {Heuroncodes panipes} as an aquaculture feed ingredient.
J, Fish. Res. Board Can. 31:1025.

TANI, I., K. KII and M. MORI. 17968. Studies of the surface
structure of fungi. 1: Chitin contents of the cell wall
of several fungi. Jap. J. Bacteriol. 23{(3):191.

TAYLOR, R.L. 1975. Butterflies in My Stomach, pp. 75, 77.
Woodbridge Press, Santa Barbara, Calif.

TEXAS TRANSPORTATION INSTITUTE. 1986. Use of Shell as Road
Materials, pp. 1-9. Texas A & M University, College Staticn,
Texas.

TRACEY, T.R. 1957. <Chitin. Rev. Pure Appl. Chem. 7{(1}:1.

TSAO, C.H. and A.G. RICHARDS. 1952. Studies on arthropod
cuticle. IX: Quantitative effects of diet, age, temperature
and humidity on the cuticles of five representative species of
insects. Ann. Entomol. Soc. Am. 45:585,

¥0SS, G.L. 1973. Cephalopod Resources of the World, pp. 61, 62.
FAQ Fisheries Circular No. 149. FAD, Rome.

WITKE, A.C.P., H. GARGANTINI and A,G, GOMES. 1962. CEvaluation
of blast furmace slags as a potential corrective for soil
acidity. Bragantia 21{2):795; Chem. Ab. 61:8854,

YOSHIAKI, K. 1943, Protein and chitin from silkworm pupae.
Japan Patent 157,624.



79

. TECHNOLOGY OF CHITIN-CHITOSAN
PROCESSING



a0

THE PRODUCTION OF CHITIN AND CHITOSAN
Edwin Lee Johnson and Quintin P. Peniston

Kypro Company
4900 Ninth Avenue Northwest
Seattle, Washington 98107

ABSTRACT

Factors of economic and functional importance in the Tocation, design
and operation of a manufacturing facility to produce chitin, chitosan, protein
and possibly other products from crustacean waste are discussed. These
include problems of shell supply, chemical and energy requirements, elements
of manufacturing cost, alternatives of plant design as a function of plant
size and differing physical characteristics of shells from varicus crustacean
species, gualify-control reguirements, disposal of plant effluents,
possibilities for by-product recovery and estimates of required plant
investment.

From the above considerations, and possible price ranges for
products derived from market evaluation studes, estimates of possible
profitability of a chitosan enterprise are projected,

INTRODUCTION

In the past ten years there has been a revival of interest in the possibili-
ties of producing chitin and its derivatives as new materials for use in chemical
and allied industries. (1). This new interest has been generated and stimulated
by technological developments in several fields. One of the most important of
these is the marked expansion of the shellfish industry in the last 20 years
wmaking supplies of raw material {crustacean shell} available in concentrated
areas and in much larger quantities than formerly. This is a direct result of
the phenomenal growth of the frozen-food industry and our food-distribution
system. In the 1940s and before, shellfish production was generally a small
local enterprise with markets, mostly for fresh products lying within a small
radius. MNow shellfish is processed in large centers, each with a production
in the order of several million pounds per year. Markets for frozen and
canned products are located around the world. Frozen shrimp constitute the
Targest volume of frozen food marketed today.

This expansion and centralization of the shellfish industry has made
raw material for chitin-chitosan enterprises available in much larger
quantities and with less seasonal fluctuation in supply than in previous
years, because different sheilfish species have overlapping production
seasons in different production areas. There are still, however, problems
in ensuring an adequate supply of raw material of suitable guality to support
a chitin-chitosan facility on a steady year-round basis. These problems
concern the preservation, transportation, storage and quality control of
the raw material.
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Another factor that has promoted interest in chitin and its derivatives
is the large and diversified volume of basic and applied chitin-related
research which has been conducted in universities and private jpdustries
in recent years. To mention a few developments:

1. Work at the University of Washington, in the College of Forest
Resources, in uses for chitosan in the pulp and paper industry.

9. Studies at the University of Georgia by Dr. Wayne Zough on the
recovery of proteins from food-processing wastes by flocculation with
chitosan and the use of the recovered products as animal feed.

3. Studies at Rutgers University by Dr. Eveleigh on the accurrence
of chitin and chitosan in fungi, the production of chitinase and
chitosanase, and the wse of chitin as a substrate for the growth of
microorganisms.

4. Studies at the University of Delaware by Dr. Paul R. Austin
and associates on solvents for chitin and the production of fibers and
films.

5. MWork by Professor R. A. A. Muzzarelli at the University of Ancona
on the chelating properties of chitosan and its potential use for the
removal of heavy metals from industrial wastes.

6. Work by the Food, Chemical and Research Laboratories and
the Kypro Cempany of Seattle, Washington,on the use of chitosan as a
flucculant and flocculant aid.

Much of the above activity has been stimulated and sponsored by the
Sea Grant Program of the National Oceanic and Atmospheric Administration,
U.5. Department of Commerce.

EASIC ECONOMICS OF CHITIN-CHITOSAN PRODUCTION

In spite of the promising new markets for chitin and chitosan and
improvements in the avaijability of raw materials, obstacles have been
encountered in launching commercial enterprises. In this report an attempt
is made to analyze difficulties and to determine ways in which they may
be cvercome. Essentially the problem is to prove the cost-effectiveness
of chitin and chitosan in market areas that appear to have volume potentials
in balance with production capabilities and to determine production
costs and probable market values of products with sufficient accuracy
to ensure the profitability of a proposed business venture.

The principal direct costs in the manufacture of chitin and chitosan
are for raw materials, labor, chemicals, utilities and retirement of plant
investment. A brief look at each of these should serve to define a range
of production costs. For this purpose, let us assume a facility designed
for production of cne million pounds of chitosan per year, or 1.25 million
pounds of chitin per year, and probably an equal amount of a highly
nutritional feed grade protein.
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RHaw-material costs

Recoverable waste from shelifish processing will generally fall within
the composition ranges indicated in Table 1.

Table 1. Composition Ranges for Shellfish Waste

Percent

Solids as received 30-35

Chitin: dry basis 15-30

Protein: dry basis 15-40
Mineral matter

(CaC03 + CEB(pod)Z 35-55

Fats 0-5

The chitin content in shrimp waste {s lower In most species of crab, crayfish
and Tobster. The protein content is partially unrecovered protein contained in
the flesh but also protein contazined within the shell matrix. Its content can
vary widely, depending on species and type of primary shellfish processing.
For exampie, Chesapeake Bay blue crab is commonly processed by hand picking,
leaving considerable unrecovered flesh in the waste material. Shrimp in
Atlantic and Gulf fisheries are beheaded at sea at a loss of 40% of the live
waight and perhaps 55% of the total waste. In other Jocalities crab butchering
and extraction are separate pperations, so that butchering wastes are not
recovered,

The mineral content of the waste material depends on the species, shell
maturity after molting, and amount of non-shell components in the waste.
Mineral matter usually consists of 90% or more calcium carbonate, with the
balance as calcium phosphate. Fats are largely derived from visceral material
and vary from 0% in clean crab-Teg shells to perhaps 5% or more in some
shrimp and lobster species.

An average shell composition for discussion purposes is shown in Table 2.

Table 2. Assumed Waste Composition

Parcent
Solids as received 33
Chitin: dry basis 25
Protein 25
Calcium carbonate 50

Shell required for 1.25 millien pounds
of chitin: 5 million pounds of shell
{dry basis) or 15 million pounds of
shell as received.
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In crab processing, meal recovery is generally 20-25% of live weight with
cooking losses on the order of 25%, so that recoverable waste is generally
50-55% of live weight., Fifteen million pounds of waste is thus equivalent
to 27-30 millicn pounds of live weight crab, or to 5.4-7.5 mi1lion pounds
of primary product. Tne chitin yield is 8.33% of recovered waste, or 4.40%
of live weight. It can be seen that a fairly large shellfish operation is
necessary to support a plant that is manufacturing a million pounds of
chitosan per year.

As to raw material cost, this can vary widely depending on the
practicalities of shell supply. In many localities harbor pellution from
shellfish waste is a serious problem, and in such situations processors
generally are faced with waste-disposal expense. A chitosan piant might thus
have a negligible, or even negative, cost for most of its raw material. There
are means of stabilizing fresh sheilfish waste for one to three weeks against
bacterial spoilage, so that short-term fluctuations in shell supply can be
ironad cut to permit a constant production rate. Seasonal fluctuations,
such as closed periods for the fishery, are, however, & more serious matter.
To provide a constant preduction rate on an annual basis and thus minimize
plant investment costs, it may be necessary to import shell from other
ares or to store excess shell from pezk periods. This will require long-
term stabilization measures, such as drying or freezing.

Assuming a cost for heat of $4 per million BTUs with 50% thermal
efficiency, the cost of heat per pound of dry shell would be (67/33) x
1,000 x 2 x {400/106) = 1.62¢ or 6.5¢ per pound of chitin. Added to
this will be fixed charges on the drier, labor, utilities, transportation,
storage and overhead, so that the total raw material charge might be 20¢
per pound of chitin. Obviously a chitosan plant would want to minimize
its dependence on dried shell. In addition, excessive temperatures in
drying must be avoided, as it causes serious damage to chitin and
results in an unsatisfactory product,

Freezing is less expensive than drying from the standpoint of fuel
costs, but from the point of view of transportation and storage costs it
will te higher. In short, raw-material cost is entirely dependent on sach
individual plant's ¢ircumstances. If most of the shell can be supplied
from local sources, overall raw material cost might be reduced to 8¢ per
pound of chitin.

Lahor costs

A production of 7.2% million pounds of chitin or one million
pounds of chitosan per year, assuming 300 days operation, 24 hours
per day, is equivalent to a production rate of:

1.25 x 10°%/7,200 or 173.6 1bs of chitin per hour.

This could probably be handled by four men per shift at about $5 each per
hour for a total cost of 2,000/173.6 = 11.5¢ per pound of chitin, It is
possible to design a continuous plant in which labor would be reduced,
but for the production rate projected, the savings would probably be
offset by greatly increased investment costs.
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Chemical costs

The principal chemical cost is for the acid required to dissclve mineral
matter from the shell. Assuming the use of 23% hydrochloric acid at $55 per
ton, this cost would be

2 x (73/100) x (1/.32) = 4.56 1bs 32% HC1
or 4.56 x (55/2,000) = 12.55¢ per 1b of chitin.

There are ways in which this cost might be reduced: for example, calcium
chloride might be marketed as a by-product. This procedure, however, would
require added investment costs and labor so that savings might not be
significant, especially in a small preduction plant.

Another need for acid is in neutralization of the sodium proteinate
ligquor to the isoetectric point for protein precipitation. Sodium
hydroxide required for protein extractfon is generally about 15% of the
weight of protein, with an equivalent amount of acid needed for precipitation.

Using the example shell analysis, the sodium hydroxide required would
be 150 1bs per 1,000 ibs of chitin or protein. At 8¢ per 1b for caustic
soda purchased as 50% solution, this would be 1.20¢ per 1b of chitin. The
acid requirement would be 428 1bs at $55 per ton, or $11.76 per 1,000
1bs, or 1.18¢ per 1k of chitin.

Total chemical costs per pound of chitin including protein precipitation
are thus:

Hydrochloric acid 13.73¢
Sodium hydroxide 1.20
Total 14.93¢

Conversion of chitin to chitosan reguires removal of the N-acetyl group
with sodium hydroxide. Stoichiometrically the NaOH censumption would be
197 1bs per 1,000 1bs of chitin which amounts to $15.76 or 1.58¢ per b of
chitin,

In practice, chitin is treated with a 50% sodium-hydroxide solution
at an elevated temperature, and a liguor to solids ratio of at Teast five
is reguired so that 2,500 Tbs of NaOH per 1,000 1bs of chitin is actually used
in the deacetylation process. This would be 20¢ per 1b of chitin. By
caraful control of reaction cenditions and countercurrent washing of the
chitosan, much of the alkali can be recycled, and dilute washings can be
used for protein extraction. Sodium acetate can also be recovered and
marketed as a by-product. How close the alkali consumption can be
brought to the stoichiometric limits will depend on plant design, investment
and process control. Actual cost for alkali in cenversion could thus vary
over wide limits. A cost of 10¢ per pound of chitin appears reascnable
for the projected preduction.
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Heat requirements

tnergy requirements for chitosan production are moderate. Protein
extraction can be conducted using countercurrent apparatus to minimize
consumption of heat and water and produce a sodium proteinate extract at
high concentration. Demineralization is at room temperature or lower, and
deacetylation is at a moderate temperature using 20% chitin cencentration.

Principal heat requirements are for drying products, either chitin,
chitosan or protein. Chitin can be centrifuged to about 40% solids before
drying so that evapgration is only 1.5 Tb of water per 1b of product.
Assuming $4 per million BTUs and 50% drier efficiency, this would amgpunt
to 1.2¢ per 1b of chitin,

Protein can be roll dried from a slurry at about 25% solids,
requiring three pounds of evaporation per pound of product, or 2.4¢
per pound of protein.

Total heat costs would amount to:

For per_Pound of Chitin
Protein extraction 2.4¢
Deacetylation 2.4¢
Chitin-chitosan drying 1.2¢
Protein drying Z2.4¢
Total heat cost 8.4¢

Plant investment

For a plant producing only 1.25 million pounds of chitin per year or
173 pounds per hour, the most practical plant design from our experience is
one that uses batch operaticns, This design minimizes equipment costs, and,
while operating labor costs may be scmewhat greater than for a fully
continuous plant, maintenance labor costs would probably be Jess.

Extrapolating plant investment at our Tukwila pilot plant for the
increased production, a factor of 5.77 times the present rate is obtained.
Equipment cost is estimated at about $350,000. Costs for a building,
steam boiler and installation should be added to this for a total of about
$600,000. Amortizing at 10% yearily, this would amount to 4.8¢ per pound
of chitin.

Other costs

Water and power can be estimated at about 3.25¢ per pound of chitin.
Plant supervision and quality control would amount to about $50,000 per
year, or 4¢ per pound of chitin. Maintenance can be estimated at 5¥ of
equipment cost per year, or 1.6¢ per pound of chitin. Plant overhead
at $50,000 per year would add 4.0¢ per pound of chitin.
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Table 3. Total Manufacturing Cost

Cents per Pound/Chitin

Raw material 8.00
Chemicals {HC1} 13.73

{NaOH) 1.20 14.93
Production labor 11.50
Steam 8.40
Amortization 4.80
Water and electricity 3.25
Sypervision and guality control 4.00
Maintenance 1.60
Plant overhead 4.00
Total manufacturing cost 50.48

If chitosan is to be the main product, an additional alkali cost of 8.2¢
per pound of chitin will be encountered and about 25% additional labor and
utility costs should be added. A 20% shrinkage in yield can alsc be expected.
Total manufacturing costs for chitosan wculd thus be about 82¢ per pound.

Potential sales

There are many possible markets for chitosan which can give it widely
different market values depending on use. The use that appears to offer the
most promise for rapid development is wastewater treatment, both as a
flocculant for suspended so0lids and for heavy-metal removal. For these
purposes, chitosan should be cost effective in competition with existing
products at about $2.00 per pound. Recoverad protein has been found to
be equivalent to casein in animal-feeding tests when approximately 0.5%
of methionine is added. It is believed that a price of 35¢ per pound is
realistic for this material when used as an additive for pet foods and
specialty feeds.

Using the above estimates, profitability can be projected as in
Table 4. The variance Tn profit figures can cbviously be considerable,
and if inflation trends in plant construction and labor costs continue
as they have been in recent years, return on investments might not
be as attractive as indicated. MNonetheless, itis still Tikely that
chitosan from shellfish waste could prove to be a worthwhile endeavor.

It is probable that 10 or mere plants of the projected size
or larger could be operated in the United States, but it does not
appear likely that chitosan preduction will exceed 20 million pounds
per year in the near future.
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Table 4. Projected Profitability of a Chitcsan Enterprise

Sales Dollars per year
Chitosan, 1,000,000 1bs @ $2.00/b 2,000,000
Protein, 1,250,000 1bs @ $0.35/1b 437,500
Total sales 2,437,500

Costs

Manufacturing cost, 1,000,000 1bs

@ $0.82/1b 820,000
General, administrative and sales

expense @ 15% of sales 365,000
Total cost of sales 1,185,000

Profit

Gross profit 1,252,500
Federal income tax @ 50% 626,250
Net profit 626,250
Percent of sales 25
Percent of investment 104

REFERENCES
1. MUZZARELLI, R.A.A. 1977. Chitin. Pergamon Press, New York.
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A STUDY OF VARTABLES IN THE CHITOSAN MANUFACTURING PROCESS
IN RELATION TO MOLECULAR-WEIGHT DISTRIBUTION, CHEMICAL
CHARACTERISTICS AND WASTE-TREATMENT EFFECTIVENESS
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Seafood Technology Laboratories
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ABSTRACT

Manipulation of variables in the chitosan manufacturing process produced
chitosans with varying chemical characteristics and molecular-weight distributions
{MWD}. These products also differed in effectiveness as waste-treatment agents
for conditioning of activated sludge and coagulation of cheese whey. Viscosity
was not as reliable as MWD distribution in correlating with waste-treatment
effectiveness. For a graded series of chitosan products made from a $ingle batch
of chitin differing only by time of deacetylation, one time of hydrolysis was
shown to ba optimum for giving the most effective product. Tts MWD was neither
the highestnor the lowest of the series. High-viscosity products which were
more effective for sludge conditioning were less effective for coagulation of
cheese whey.

Times of hydrolysis and concentrations of alkali were manipulated to
produce chitasan products having various characteristics and MWD, allowing
choices between labor, reagents, and equipment to be balanced by the manufacturer.

High-pressure liquid chromatography (HPLC) in the size exclusion mode has
proved to be a useful method for estimation of the MWD of chitosan preducts.
Analysis time {s appreximately 20 minutes per sample. Chitosan molecules
dissolved in 2% acetic acid containing 0.2M sodium acetate are separated
according to size by passage through a seguential combination_of colugns packad
with coated gTﬁss beads having controlled pore sizes of 2500 ﬁ, 1500 A, 250
100 § , and 40 A survey of commercially manufactured samples showed MWD
values of 0.1-4 million for the weight average, 0.05-0.08 million for the
number average, and 2-3.8 for the dispersity or ratio of weight and number
averages.

INTRODUCT 10N

The manufacture of chitosan from the exoskeletons of ¢rustaceans is well
documented in the Titerature (12, 13}, and some other methods have been extensively
reviewed by Muzzarelli {10). Three major steps are generally involved:
demineralization with dilute acid, deproteinization with dilute alkali and
moderate heating to purify chitin, and deacetylation with concentrated alkali
and high temperature to convert chitin to chitosan. Variations in the reagent
used and its comcentration, as well as time and temperature of the treatment,
determine the quality and performance of the product.

As a result of increasing problems in the treatment of waste effluents
from industries, the use of chitesan as a coagulating agent has been extensively
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studied in the laboratery. The high effectiveness of chitosan for this purpose
has been demonstrated (2, 3). Although measurement of viscosity has been
commonly used for estimating the quality of chitosan, it is not satisfactory
for estimating tne effectiveness of chitosan as a coagulant {5, 16). Since
estimation of molecular—weight distribution (MWD} of chitosan by high-pressure
liquid chromatography (HPLC) has been found effective {15}, the use of this
method, together with the information on charge density estimated by the
titration method {7) to correlate the performance of chitosan, has been
investigated in this laboratory.

This presentation ncludes cur findings in the evaluation of
characterization methods, using them to estimate the effectiveness of
chitosan and to survey the MWD values of some commercially prepared chitosan
samples. Studies on the effects of variables in the deacetylation process,
cuch as the concentration of alkali and time of deacetylation, on the
quaiity and characteristics of the products are also reported.

EXPERIMENTAL

Raw materials for producing chitosan were shrimp hulls coliected from a
processing plant, iced during transport, and dried the next day in a forced-
air oven at 103° € for 24 hours. Dried hulls were ground to 1 mm particie
cize. Activated sludge was obtained from a biclogical treatment plant at a
commercial vegetable-processing plant. The turbidity of the sludge was
adjusted to a reading of 1250 Fermazine Turbidity Units (FTU) before use.

Manufacturing of chitin

A large quantity of chitin with uniform quality was needed for conducting
the experiment under different deacetylation conditions. The reaction tank
for demineralization had a capacity sufficient for using 900 g dry shrimp hulls
as starting material. Ten liters of 0.5N HC1 was required for this process,
which represented a 10% excess of HC] over the stoichiometric amount of ash
in shrimp hulls as calcium carbonate. The demineralized material was collected
on 60 and 200 mesh screens, and washed to neutrality with deionized water.
The residue was then deproteinized with nine liters of 1% {w/v) NaOH fecr one
hour at 65° { with constant stirring. Thereafter the residue was collected
and washed as above.

The chitin product was dried at 85° C in a forced-air oven for 18 hours.
Ash content was determined.

Deacetylation of chitin

A four-liter reaction kettle jacketed with a heating mantle controlled at
100° € by a variable transformer was used in this step. The four-hole kettie
cover provided mountings for an overhead stirrer, a nitrogen purging tubing,

a thermometer and a sampling port. Conditions other than variables to be
studied were maintained consistent for every experiment. Temperature was

kept at 100° C for all studies in the deacetylation step. Alkali concentration
was kept at 50% in the time-variable study, and was varied ai 35, 40, and 50%
in the concentration study.
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Moisture and ash

ADAC. {1) methods were followad to determine the degree of deacetylation
expressed in percentage of repeating units deacetylated among total number of
repeating units in a chitosan polymer. One was based on the determination of
acetylated residues by Lemieux and Purves (8), the other was based on the
measurement of free amino residues by Broussignac {7). These two methods
have heen shown to agree with each other by Bough et al. (6], and the
Broussignac method was used for most samples because of its simplicity.

Viscosity measurement

A Brookfield viscometer, Model RYT spindle-type, was used for this
purpose. In all cases, 500 m1 of chitosan solution wes prepared in 2% acetic
acid at 10 g/1 concentration on a moisture-and ash-free basis. Measurements
were made in triplicate at four different speeds on solutions at 20° C.

The viscosity value was taken from the condition requiring the Towest
conversion factor.

Molecular-weight determinaticn

MWD values of chitosan samples were determined by HPLC method. MWD values
included weight average MW (My), number average MW (Mp), and dispersity (D}.
tonditions used were basically as described by Wu et al. (15) and modified
by Bough et al. {4). Samples were prepared in 2% {0.33M) acetic acid with
0.1M or 0.2M sodium acetate. The presence of salt was necessary to minimize
the absorption phenomena,(4). The column materials were Glycophase-CPG
ranging from 40 to 2500 A pore sizes. The standard curve calibrated by dextran
standards was Ln Mj = 24.8041-0.8520 Yo, where Mj was the molecular weight of
ith species eluted at Vo in ml (6}

Effectiveness as a cpagulant

Effectiveness was measured by the specific resistance (r) measurement
using the Buchner funnel filtration test (5, 6). The r values determined on
increasing chitosan dosages (x) added to activated sludge were fitted into
a best quadratic equation for each chitosan sample. The x and r values
at the inflection peint of the equation were obtained by letting the
first derivative of the equation be zero. The product of x and r for each
sample was termed the optimum equivalent dosage (0ED}, which was a compound
parameter for comparison with other samples (6}. The lower the OED value,
the more effective the product.

The overall filtrate volume obtainable in 30 seconds with the Buchner
funnel test was used in one study to represent the chitosan effectiveness (5).

In other cases, when the waste effluent such as cheese whey was
tested, the jar test measuring the reduction of turbidity was used to determine

the effectiveness (16).
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RESULTS AND DISCUSSION

Evaluation of chemical analyses

Using a series of chitosan samples varied only by the length of time in
the deacetylation process, several methods were performed and compared for
measuring the degree of deacetylation, molecular size and effectiveness of
the product. For determining the degree of deacetylation, the Broussignac
method was highly correlated with the Lemieux and Purves method (8), but the
Broussignac method is simpler to perform.

Tested on the same series of samples, correlations between MWD values
and viscosity data followed Staudinger's equation {9}, although the
coefficients of correlation were not high (6). When comparison was based
on random chitosan samples, the correlaticn was not even as high as above.
The study included commercially prepared samples. Viscosities of samples
that varied in some ways in addition to the difference in the molecular
size are apparently no longer following the Staudinger equation. Besides, as
abserved by Bough et al. (4}, undissolved or swollen chitosan particles in
the soluticn would dramatically affect the viscosity reading which could
be eliminated through filtration prior to HPLC determination. Thus, the
HPLC method was preferred to the viscosity measurement in estimating the
malecular size of the sample.

For determining the effectiveness of chitcsan as a coagulant for
activated sludge, the Buchner funnel test is often used for testing the
dewatering efficiency of the treated sludge, Although the overall filtrate
volume was found workable (5), the filterability rate estimated by the
specific resistance gave better precision based on the coefficient of
determination in the polynomial regression anaiysis {6).

Effect of different waste-effluent systems

Two wastewater systems, activated sludge from a vegetable-processing
plant and cheese whey from a dairy plant, were tested with a greup of ten
different chitosan samples manufacturad in this labcratory (8). The Buchner
funnel test was used for the activated sludge study and the jar test for
the cheese-whey study. Results showed that effectiveness of chitosan samples
for the two systems were virtually opposite {5, 16). We postulate that this
is primarily due to the difference in particle sizes and/or charge
characteristics of the two wastewater systems (14), suggesting that
different chitosan samples can be produced to suit different wastewater

systems,

Stability of chitosan solutions

A commercial sample was prepared in 2% acetic acid and stored at room
temperature for different periods of time. Analysis of these preparations
with HPLC indicated that MWD values of the sample decreased slowly but
continuously. My and My values decreased 20 to 25% in one year. This
result indicates that the industry needs to be more aware of shelf life, if
the sample is to be sold in a solution form. wWhether this is due to the
degradation of the polymer or the change in the molecular configuration or
other causes is undetermined,
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Concentration of alkali in deacetylation

One study with 50% NaOH having three replications demonstrated that the
precision of the experiment was excellent, judging from the degree of the
deacetylation data in Fig. 1 and MWD data in Table 1 (6). As shown in
Fig. 1 and Fig. 2, both percent deacetylation and MWD data decreased very
fast in the first hour and sTowed down afterward. Another study with 35,

40, and 50% NaOH showed that, as the alkali concentration decreased, the
rates of decrease in both viscosity (Fig. 3) and MWD data {Fig. 4] sTowed down.
The transition phenomena which appeared for the 35% NaOH indfcated that the
viscosity increased up to 21 hours and decreased afterward. It demonstrates
the conversion of insoluble chitin material to soluble chitosan material

due to the deacetylation action of the concentrated sodium hydroxide.

The MWD values increased up to 27 hours, decreased afterward, but stayed

the same after 30 hours. This is probably because the deacetylation under
mild alkali concentration can completely solubilize chitin only after

being deacetylated for 27 hours. Up to 27 heurs, products are only partially
salubie.

Table 1. Molecular-Weight Distributions of Chitosan Samples
Prepared by Different Deacetylation Times Disselved in
Acetic Acid-Sodium Acetate {0.33 M-0.1 M)
and Distilled Water at pH 4.15%

Time My n
Sample {hrs} (x 103) {x 103) Dl
A 0.5 1487 - 98° 322 + 27 4.63 + 0.18
B 1.0 1142 + 94 232 + 21 4.93 + 0.25
C 2.0 925 + 63 186 + 8 4.98 = 0.19
D 3.0 846 + 24 177 + 7 4.79 £ 0.15
E 4.0 775 1 81 161 + 12 4.81 + 0.09
F 5.0 667 + 26 139 + 4.80 = 0.16
4-742 - 582 + 22 129 + 5.28 + 0,2

b is dispersity (F,/i,)

2Samp]e 4-74 is a commercial product (12).

3Averages and standard deviations of two replicant analyses of three
batches of chitosan.

Between 21 and 27 hours of deacetylation, partially dissolved residual particles
may be responsible for the high viscosity of the solution, which is known as the
“fish-eye effect” (4). After 30 hours of deacetylation, the molecular size of
chitosan may remain constant, while the degree of deacetylation keeps on
increasing, and this decreases the viscosity continuously after 30 hours.

This speculation awaits proof of the data on the degree of deacetylation of
these samples.
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Turbidity of these chitosan solutions made from different concentrations
was also measured. The plots of turbidity vs. time of deacetylation indicate
that the turbidity readings level off when the sample is completely soluble,
implying that turbidity measurement could possibly be a quick and qualitative
method For monitoring the selubility of the product.

Finally, this study indicates that, to obtain a product with similar
quality, different manufacturing processes can be chosen, based on the
need to save either the reagent or the Jabor costs.

Effect of deacetylation time on the effectiveness

The first set of samples deacetylated at 100° C for 0.5 to 5 hours
was used to test effectiveness in relation to chemical and molecular-weight
characteristics. Activated sludge was used in this experiment. Effective-
ness measured by the DED values is shown in Fig. 5. These OED values were
analyzed by Duncan's multiple range test. It concluded that the
effectiveness increased in the first two hours of deacetylation, and mo
significant change in affectiveness measured by OED was shown afterwards.
This coincides with the study on synthetic polymers (14), which shows
that each polymer has an optimum MW for a particular waste-treatment
application. The optimum MW is not necessarily the highest possible value.
1f different wastewater systems had been used for the testing, these
chitosan samples might perform differently, as we observed previously
when one chitesan product was most effective for sludge and another for
cheese whey. Thus, different grades of chitosan samples may be produced
that will be useful in different waste-treatment applications (5, 18).

Correlation between the performance and chemical characteristics

With the same group of samples {Fig. 2}, correlations among these
parameters werg carried out in an attempt to determine which chemical
characteristics were useful for predicting the performance. Multiple linear
regression with the logarithmic transformation was used to correlate data.
Only the samples deacetylated for 0.5, 1, and 2 hours were used, based on
their effectiveness data shown in Fig. 5. Results, as shown in Table 2,
indicate that MWD data correlated better with effectiveness than with
viscosity. wWhen viscosity data was used, the weight of percent
deacetylation was almost negligible judged from the beta prime values.

This may be due to the fact that the effect of percent deacetylation is
already included in the viscosity measurement. Bath M, and My correlated
similarly with effectiveness, while M, was weighed more in the correlation
than Mp. Thus, it is 1ogically concluded that M, and percent-deacetylaticn
data are the two most useful parameters in predicting the performance

of chitosan as a coagulant.

Since the possibility of experimental error is fairly great in the
effectiveness measurement with activated sludge (Fig. 5}, an experiment
with greater sample size may be needed to confirm this conclusion. A
similar experiment might be performed to investigate the correlation of
these chemical characteristics with other functionalities of a chitosan
product, such as film forming or medical applications. This information
is useful in producing the desired product for a specific application.
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Table 2. Correlations between the Chemical Characteristics
and Effectiveness of Chitosan Sampies!

MODEL: (QED)= b0 + b] * Ln X1 + b2 * Ln ¥%Deacetylation

Variables Coefficients ~ Beta Primg_u__
. ' 2

(X)) bg b, by by b} R
Viscosity -51.27  16.22 0.02 0.74  0.03 0.53
P, -7579.20 120.66 223.85 1.36 0.65 0.74
"n 328.96  53.65 -217.71 0.69 -0.684 0.75

]Units used in the formula are OED n 106, viscosity in cps, and MWD data
in daltons.

Survey on MND values of commercially prepared samples

Tabte 3 shows scme examples of MWD values for several commercially prepared
chitosan samples sent to this laboratory. Sclutions prepared in 0.33 M (2%)
acetic acid with 0.2 M sodium acetate have pH 4.45. The My values ranged from
116,000 to 3,999,000, M, values from 51,000 to 839,000, and dispersity from
218 to 9.8]. Values are averages of two measurements. The precision of the
replication was usually within 10%. The determination of MWD by size-exclusion
mode as in the HPLC method was based cn the molecular size and shape in the
solution used. Although the column material was the Glycophase-CPG having the
minimal absorption effect {15}, the 0.2 sodium acetate was still needed to
eliminate the residual interactions between the columns and chitosan and
to minimize the polyelectrolyte effect {4, 19). The molecular-weight values
of some products fell in the 120,000 range, as reported by Muzzarelli (10),
while many other products had both My and Mp values higher than this range.

The value reported by Muzzarelli was determined by the light~-scattering
technique; thus it is considered equivalent to My values. It is assumed

that milder manufacturing conditions in this study were used for the products
being surveyed. Many other MW values have been reported based on the viscesity
measurement, which would be equivalent to the viscosity average MW (My)_

and related to a "complicated average falling somewhere between My and Mp"

{9). The complexity of this value would increase as the dispersity of the MW
of the polymer increases, as is true of many chitosan products (Table 3).

My values of chitosan samples have been reported ranging from 216,000 to 365,000
{Brine, personal communication; 11}.

So-called chitosan is in any case not a very specifically defined
sybstance. Molecular size and charge density can vary according to the
manufacturing conditions used. The MW values also depend on the method
of measurement, either direct or indirect, or the standard used for calibra-
tion in the indirect measurement. In those cases where My values of over
1 million are observed, association of_monomer units to form large oligomer
complexes may bhe invelved. Such high M, values have been abserved upon
analysis of certain commercial chitosan samples, as well as products made
in our laboratory under mild conditions. At this point, we are not certain
if the high M, values we observed represent a natural or an artificial state.
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Table 3. MWD Yalues for Chitosan Samples Manufactured Commercially
and Prepared in 0.33M Acetic Acid with 0.2M Sodium Acetate

M
(10%) (10%) D
Kytex H 1302 198 6.60
Kytex L 1160 51 2.18
J-1 1520 223 6.83
J-1I-1 1685 203 8.32
J-11-2 1449 149 9.81
J-111 1750 289 6.06
RST-Co 315 80 3.96
MCI-17 3899 839 4.77
MCI-18 489 151 3.26
MCI-32 1871 414 4.53
Flonac-N-A 3686 101 3.68
Flonac-N-D 1333 207 8.45
FCRL 16-73 807 171 4.9%
FCRL 4-74 233 67 3.48
FCRL 5-76 710 m 6.38

The waste-treatment effectiveness of chitosan compared to synthetic polymers
having molecular weights of over 1 million, the viscosity of chitosan solutions
and our HPLC results all suppart our belief that, at Jeast in dilute acetic-acid
solutions, chitosan behaves as a high-molecular-weight polymer. The forces or
bonds that hold the complex together are unknown to us at this point. Further
studies on dissociation of the complex and analysis of sub-units are planned.
Jofnt experiments are in progress to correlate our results by HPLC analysis

with x-ray diffraction and 1ight scattering in Professor Averbach's laboratory
at M.I.T.

A conclusion of our study is that HPLC is a better tool than wiscosity
measurement for determining the quality of chitosan samples as a coagulant.
Information on the percent deacetylation of samples is also needed. With
the selected characterizing methods, products can be well monitored. Series
of different grades of chitosan samples for different applications can be
produced merely by varying the manufacturing conditions, especially the
deacetylation steps. Because performance varies depending on the wastewater
systems used, a case-by-case survey is needed for each type of application,
unless a well-designed experiment is conducted and the relationship between
the characteristics of chitosan samples and the nature of the wastewater
system can be revealed.
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ABSTRACT

A number of organic systems have been studied as possible solvents for
chitosan. They are divided into four categories based on their viscosity
versus concentration curves.

INTRODUCTION

Muzzarelli (3) has reported that chitosan is soluble in fermic, acetic,
10% citric, pyruvic and lactic acids and that other organic acids fail to
dissolve it. Because of the diverse nature of these acids (carboxylic,
tricarboxylic, alpha keto, and hydroxy) and because of the reported absence
of a systematic survey of chitosan's selubility in organic acids {3}, it is
very likely that additional solvents for chitosan exist, and it is important
that these additional solvents be identified because chitosan is a poly-
electrolvte that has potential use as a flocculant to remove impurities
from aqueous systems (1, 2, 3). Each solvent will have a different cost
and possibly a different effect upon the environment.

EXPERIMENTAL

The chitosan used in most of these studies was produced by the Food,
Chemicals and Research Laboratory Ltd.. 4900 Ninth Ave., Seattle, Washington
and was supplied by the Office of Sea Grant, Naticnal Oceanic and Atmospheric
Administration, Department of Commerce, Rockville, Maryland. Some of the
later experiments used chitesan purchased from the Kypre Company, which has
incorporated the Food, Chemicals and Research Laboratory Ltd. and has the
same address.

The solutions were prepared by stirring the solvent with chitosan for
at least 24 hours or by homegenizing the system with a Polytron homogenizers
the latter procedure eliminated the long stirring times. Because of the
high viscosities of the systems in which chitosan is soluble, viscasity
measurements proved to be the only practicable method for obtaining a measure
of the solubility. The viscosities were determined with either a Brookfield
LVT or RYT viscometer.

RESULTS AND DISCUSSION

The solvent systems are dfvided into four categories. Category 1 consists
of solvents that produce s1ightly non-Newtonian solutions which have no
clearly defined solubility limit. As the concentration of chitosan is
increased, the solution hecomes more viscous until a paste or a plastic-like
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solid is formed. The viscosities of all these solutions e within a narrow
band (see Fig. 1) and increase slightly with time. The straight-line
relationship was unexpected. The color of the solutions varied from Jight
yellow to dark brown, Solvents in this cateqory are ZM aqueous splutiens of
acetic, citric, formic, glycelic, lactic, maleic, malic, malonic, pyruvic,
and tartaric acids.

Category 2 includes those solvents that produce solutions whose viscosities
fall within the limits shown for category 1, but the solutions are very
non-Newtonian. The viscosity decreases as the rate of sheer increases and,
for a 5-percent solution of chitesan in oxalic acid, the vate of sheer versus
sheer-stress curve {see Fig. 2} passes through the origin and has & slope of
1.2 x 10=3 ¢P-1 (the slope of a similar curve for a 5-percent sclution of
chitosan in acetic acid is 0.54 cP-1). No hysteresis was observed in
these curves. This type of behavior is characteristic of pseudo-plastic
materials and many emulsions, Wnen the solutions are allowed to stand for
long pericds, gels are formed. The two acids in this category are ZM
dichloracetic and 10% oxalic acid.

Category 3 contains three acids: 0.041 M benzoic, 0.36 M salicylic and
0.052 M sulphanilic. Solutions in these acids show an initial increase
in viscosity and therefore some soTubility (see Fig. 1). These acids may
properly belong in category 1, since the low solubility of chitosan is
probably due to the low concentration of these acids in the solution.

Category 4 includes solvent-chitosan systems for which the viscosity
is independent of the concentration of ch